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Abstract
Studies of elastomeric seal failure have until recently focused on the erosion of the
sealing interface. This has limited the improvements in seal life to the application
of wear-resistant materials. The present work shows that three stages of particle
ingestion precede seal erosion, and that seals designed to interfere with each stage
exhibit substantially longer operational life.
The three stages of failure preceding seal erosion are as follows. The first stage
occurs when small soil particles creep into the contact gap. These particles are so
small (< 0.1 microns) that they accumulate in the surface valleys of the seal without
damaging it.
The second stage occurs as the shearing motion of the seal pushes the increas-
ing number of entering particles against each other and short-range forces bind the
particles into clusters. As more particles enter the seal, the clusters grow in size.
Eventually, the clusters become so large that they no longer fit in the surface valleys
of the seal.
The third stage occurs when the clusters start rolling between the seal and its
mating surface. The rolling pushes clusters further into the contact band until they
fall freely into the oil. It is at this point that material erosion becomes the rate-
limiting mechanism leading to failure.
This work contains a description of the apparatus and techniques used in investi-
gating seal failure; results of test for various seal lip designs, material composition, and
operating parameters; images showing results the oil-film thickness measurements by
means of laser-induced fluorescent; and estimates of contact pressure by finite-element
simulations.
Thesis Supervisor: Douglas P. Hart
Title: Associate Professor
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Chapter 1
Introduction
Seals are common design elements in machinery such as pumps, compressors, and
lubricated joints. Seals play a critical role in the proper functioning of machinery since
they contain fluids across moving parts. Seals that contain lubricants are particularly
critical since their failure and eventual leakage of lubricant can lead to increased
friction, overheating, and excessive wear.
This thesis deals with seals and the processes leading to leakage. In particular, this
work reports on how elastomeric seals are damaged by the ingestion of soil debris.
We found that seals ingest soil debris in four stages, and that each stage has an
associated rate-limiting mechanism. This document reports extensively on the first
three: particle ingestion, particle aggregation, and cluster shearing. The fourth one,
material erosion, has been studied extensively by other researchers [1], [3], [19], [25]
and is only treated here as it relates to the other three.
This document describes the experimental apparatus we constructed and the tech-
niques used to study seal operation. With these techniques, it is possible to study the
lubrication properties of the seal, perform comparative analysis of competing designs,
and observe the steps that lead to seal failure.
The results section contains descriptions of new seal designs along with test results
showing how they affect each of the rate-limiting mechanism that we discovered. We
found that adding a row of bumps in the periphery of the seal lip can delay the onset
of failure of the seal, resulting in s seal that can last eight times longer than existing
designs.
1.1 Document Overview
This chapter provides an overview, the scope and motivation for this research, some
terminology and basic concepts, and reviews the literature for what is known and what
has been published on this subject. The second chapter describes of the experimental
setup that we created to study the seal failure process. The third one discusses
the results of some baseline experiments. The three chapters that follow deal with
each of the observed behaviors involved in debris penetration: particle ingestion,
particle aggregation, and cluster shearing. Chapter seven summarizes and concludes
the document. Appendix A contains a list of symbols used throughout the document,
as well as values for some important experimental parameters, such as the viscosity
of the oil, and the average speed of oscillation.
1.2 Goals
Our goal in this work has been to discover the rate-limiting mechanisms associated
with seal failure. In this, we draw a clear distinction between what we mean by mech-
anism and observed behavior. Behavior is what can be seen through direct observation
(e.g., the moon going around the earth). Mechanism is the underlying process driv-
ing the behavior (e.g., gravity). Often times multiple mechanisms contribute to a
single behavior, but the rate at which the process advances is almost always con-
trolled by a single mechanism, the so called rate-limiting mechanism [29, page 445].
Engineers who understand how seal fail can create seals that interfere with its failure
mechanisms, and can thus prolong the life of the seal.
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Figure 1-1: The sale of elastomeric seals from 1981 to 1991. The figures are given in
millions of dollars. Source: The U.S. Census Bureau.
1.3 Scope
This work focuses on uncovering and understanding the rate-limiting mechanisms
that lead to failure in seals operating in contact with soil debris. In particular, we
are interested in the process by which a polyurethane lip seal fails when operated
in a slurry of sand and clay. This work should be of interest to engineers who build
equipment for outdoor use, such as automobiles, earth-moving machinery, and mining
equipment.
Mechanisms of failure other than ingestion of soil debris (e.g., corrosion, end
grooving, and improper surface finish) are not covered in this document. Seal de-
signers may nonetheless find the information contained herein (e.g., oil-film thickness
measurements) valuable in understanding those failure mechanism.
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1.4 Economic Impact
Significant improvements in seal design are likely to produce seals that need to be
replaced less frequently. This may have two immediate consequences. The first is
that companies may plan on servicing their equipment less often thereby softening
the demand for seals. The second is that companies will continue to replace their
seals at their current schedule, but realize savings in not having to service machines
out of schedule due to untimely failures.
A third possibility is that the demand of seals will increase as equipment man-
ufacturers attempt machines designs made possible only by the existance of a new,
long-lasting, reliable seal. These new desings would fuel the demand for seals and
hence increase the sales volume.
But while the sales forecast remains uncertain, the fact remains that longer lasting
seals will reduce the cost of operation and maintenance of existing equipment. New
seals that fail less often should allow machines to operate for longer periods, decreasing
downtime, and lowering the lifetime cost of repairs.
If the yearly sale figures for seals account for more than 1.5 billion dollars (figure 1-
1), then new seals that last longer have the potential of reducing the cost of operation
by several billion dollars. This is because the price of a seal itself represents only a
small fraction of the maintenance cost, the loss productivity due to downtime, and
the cost of labor needed to replace it.
1.5 Seal Classification and Definitions
Seals are classified by their design with the two largest categories being shaft seals and
face seals. The distinguishing characteristic between the shaft and face seals is the
manner in which they contact their mating surface. A shaft seal contacts its mating
surface on the perimeter of a shaft, whereas a face seal contacts its mating surface on
the end face (figure 1-2).
Shaft seals are typically employed where high sliding speeds are present and only
air side
air side oil side
N-
Figure 1-2: A face seal (left) and a shaft seal (right).
a small contact pressure is required. The contact pressure is controlled by making
the inner diameter of the seal smaller than the shaft. The range of pressures that
can be achieved with this design is small because there is a limit to how far the
seal lip material can be stretched before it rips. The contact pressure of a face seal,
on the other hand, is controlled by how hard the seal is pushed against its mating
surface. The face seal has, therefore, a wider range of contact pressures, and thus a
wider range of applications. Some shaft seals employ additional springs to increase
the contact pressure, but even with these, shaft seals cannot reach as high a contact
pressure as face seals.
Because shaft seals generally operate at high sliding speeds and low contact pres-
sures, the gap between the seal and the shaft is filled with a thick lubrication layer.
Seals that operate under tehse conditions are said to be in the hydrodynamic lubri-
cation regime [23]. Seals that operate at higher contact pressures and lower sliding
speeds exhibit a thin layer of lubrication. These are said to be in the thin-film lubri-
cation regime.
The functioning of seals that operate in the hydrodynamic regime is well under-
stood, and their failure can most often be traced back to factors that alter or destroy
the hydrodynamic lubrication layer [23]. Up to now, seals that operate in the thin-
film regime are poorly understood, and their cause of failure remains largely unknown
[21]. Our work represents a significant contribution in explaining how contact seals
that operate in contact with soil debris fail.
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1.5.1 Writing about Seal Failure
It is difficult to talk about seals and why they fail without making statements that
imply some cause-and-effect relationship. For example, it would be tempting to speak
of the "wear process" since at some point we will need a name for the process leading
to seal failure. But such a statement renders seal failure in overly simplistic terms.
The failure process occurs in stages and involves a variety of processes. To say that
a seal fails because one of these stages is observed (e.g., wear), obscures the intricacy
of the process.
Our goal here is clarity, and for this we need to use words unambiguously. There-
fore, we find it necessary to first provide some definitions before we set on the task
of describing the behaviors and mechanisms involved in seal failure.
1.5.2 Some Definitions
The term seal is generally used to refer to any machine part that serves to separate
fluids across moving components. In this, we distinguish seals from packings, in that
packings impede fluid flow where there is no movement. On the other hand, seals
impede flow while allowing machine parts to move past each other.
For convenience, we shall define four other terms: the seal lip, the mating surface,
the lubricating fluid, and the danger fluid. The lip and the sliding surface are the
part of the seal assembly that displace relative to each other. The lubricating fluid
is the substance used to reduce the sliding friction between the lip and the mating
surface. The danger fluid is any substance present in the sealing interface that does
not intentionally serve to lubricate the seal assembly.
We use the word failure to refer to the stage at which the seal can no longer
contain the lubricating fluid (i.e., leakage). This can happen for a variety of reasons,
but in this work, we focus on leakage produced by the ingestion of soil debris. Soil
causes leakage because they erode material away from the seal lip and the mating
surface. This creates a gap that allows lubricant to escape.
The lip and its mating surface are typically made of different materials, with
the lip being many times softer than the mating surface. There are seals, however,
where the distinction between the lip and the mating surface cannot be made. For
example, seals used in car wheels are made of two identical metal parts, either of
which could properly be called the lip or the mating surface. For this work, the
distinction between the lip and mating surface will become important, and thus we
will adopt the distinction despite the loss of generality.
The lubricant is typically oil, but can be any fluid that provides sufficient viscosity
at the operating speed and temperature. The danger fluid can also be anything, but
unlike the lubricant, the composition of the danger fluid may change throughout the
life of the seal. That is, a machine can operate in a variety of locations, and thereby
the seal can be exposed to a variety of danger fluids. Even the lubricant can become
the danger fluid if debris from the seal or other parts of the machine dissolve in it
and reach the sealing interface.
For this work, the seal lip is made of polyurethane, the mating surface is a glass
window, and the lubricating fluid is standard gear oil (SAE 80W90). The danger
fluid is a water-based slurry of clay and sand. Details on the seal and the operating
conditions are given in Chapter 2.
We will use two additional terms used to refer to the space between the lip and the
mating surface. The contact gap is the separation between the seal and the mating
surface. The contact band is the area over which the seal contacts the mating surface
(figure 1-3).
1.6 Background
Several researchers have studied the role of debris in accelerating wear. One of the
ealiest works is by Jagger (1961) [18], who studied the effect of oil cleanliness on
sealing. Jagger writes that "wear on both seal and shaft can be increased many
times when dirt or grit are present in the atmosphere in which the seal is working."
Despite his hint on the role of air-bone debris, his experimental work is limited to
testing shaft seals in dirty oil. The dirty oil results in much higher wear rates, and
Figure 1-3: The lip separates the oil from the slurry by making contact on the glass
surface. The area over which the seal and the glass make contact is called the contact
band.
produces abundant wear debris of 2.5 um in size. The debris passed readily through
the felt-based filtering system in his oil pump. Jagger does not report on the chemical
composition of the wear debris, or on how the debris damages the sealing interface.
Hirabayashi, Kato and Ishiwata (1975) [12] studied how seals in the pumps of
cooling systems fail due to the collection of salt crystal from the cooling fluid. Unlike
Jagger who conducted his tests in situ, they built an experimental apparatus where
the temperature, torque, and leakage from the sealing interface could be monitored.
For some tests, they replaced the steel mating surface with a glass window so that
they could observe the sealing interface directly (figure 1-4). They concluded that
the salt damages the seal because it crystallizes along the water/air interface. They
theorized that the excessive abrasion starts when crystals damage the carbon surface,
producing carbon debris. The debris in turn cause more abrasion, which produces
more debris, which produced more abrasion, and so on. They discovered that using
carbons of different hardness improved the sealing reliability, but did not explain why.
Tanoue, Ishiwata, and Tada (1971) [30] worked on the problem of seal failure
caused by debris in the oil of diesel engines. They contributed two findings. First,
they conclusively showed that the debris in the oil precipitates seal failure. They did
this by taking oil from a leaky engine and cleaning it with a centrifuge. When the
Carbon
Steel
30"
Figure 1-4: Hirabayashi et al. constructed an experimental setup to test the effects of
salts on carbon seals used in the water pumps of automobiles. The steel piece could
be replaced with a glass insert to monitor the sealing interface directly.
oil was put back into the engine, the seals did not leak. The second contribution was
to show that the most damage is caused by particles that have the same size as the
oil-film thickness in the contact gap. They measured the size of wear debris with an
electron microscope. They did not, however, measure the contact gap. Instead they
used an estimate derived by Hirano [13]. The experimental setup they used for their
tests is shown in figure 1-5.
Golubiev and Gordeev studied the failure of pump seals in liquids containing
abrasive particles. They were the first to notice that the erosion of the seal lip proceeds
in stages. Their findings led them to propose a six-point checklist for engineers
designing seals to be used with abrasive media. The checklist contains advice on the
placement of the seal, the material choice, and the lip design.
Finally, our group has four prior works on the subject of seal failure. In the first
[4] we measured the wear of a seal against a steel bushing in situ. We showed (much
as Tanoue et al.) that debris are responsible for precipitating failure. Yeh (1997)
studied the problem of how to use finite-element modeling to analyze and improve
the design of face seals [34]. Chang (1998) studied the effect of eccentricity on the
spring
balance
oil
shaft housing
motor
Figure 1-5: Tanoue et al. constructed this setup to study the failure of engine seals
operating in oil filled with abrasive particles.
process of debris ingestion [6]. In our last work (Ayala, Hart, Yeh and Boyce) [5] we
showed that the addition of texture can prolong the life of a seal. More about this
subject can be found in Chapter 6.
1.6.1 The Difficulties of Seal Research
Publications on seal failure are few for essentially three reasons. The first is that
seals were invented only around the turn of the century, and thus are relatively new
machine components. Early on seals were created to replace packed stuffing boxes
[32], and their development followed a mostly trial-and-error approach. The second
reason is that most of seal advances come from industry, and unlike their academic
counterparts, they rarely, if ever, publish their results [32]. The research usually stops
after some acceptable level of performance is achieved, and thus they have no time
or motivation to share their improvements [21]. The third reason is that seal failure
seems to be largely application dependent, and thus it is hard to achieve results that
have general applicability. For instance, consider these two examples. The seals used
in the tracks of bulldozers typically last 8,000 hours when operating in sand, but only
1,000 hours when operating in a limestone mine. Seals used in fluid pumps last 5
years if operating in water, but only 100 hours in nitric acid [32]. Because the life
of each of these seal is so dependent on operational factors, researchers have found it
impossible to justify conclusions that apply to a wide range of applications.
Real advances in sealing science have been difficult to achieve because of the mul-
titude of applications and the myriad of interrelated factors involved in seal operation.
Researchers working on the problem have written about the difficulties of isolating
operational parameters, the lack of experimental repeatability, and the challenge in
advancing the understanding the sealing contact. Here are some samples:
The conditions of the specimen surface, blooming and oozing plasticizers,
methods of sample cleaning and a frequently appearing slip-stick further
affect the test results and their repeatability, Ksieski (1973) [20].
The problem of [seal wear] in the presence of abrasive solid particles has
Golubiev and Gordeev (1975) [8].
Despite the wide distribution and many varied assembly designs of [seals],
the mechanism of its primary function (i.e., sealing action), has until today
been disputed and has defied both calculation and quantitative evaluation
- Sponagel et al. (1987)[28].
The sealing mechanism is not understood even though elastomeric lip seals
have been in used since the 1940's - Horve (1991) [14].
... recent research has therefore focused on modeling and measuring of
fluid behavior in sealing contacts. Its interrelation with roughness is not
well-understood but is often supposed to be crucial for seal operation -
Poll et al. (1992) [26].
Many researchers have studied the radial seal lip and formulated theories
to explain the sealing mechanism. Not all of these researchers have agreed
because the problem is so complex and dynamic measurements to verify
those theories are difficult to make in the minute area between the seal
lip and the shaft - Horve (1994) [15].
1.7 Author's Note
This work is the culmination of five-year project dealing with seal failure. Over the five
years, most of the data generated from experiments was in the form of images (picture
stills) and movies (picture sequences) from experiments. The large quantity of images
made it difficult to organize and track individual pictures used to illustrate all of the
observed behaviors. To solve this problem, we developed a computer program that
automatically creates and archives picture sequences from the raw experimental data
(e.g., figure 2-10). The program extracts sequences directly from the original data,
and thus makes it easier to find the originating experiment, or to modify the images
contained in the sequence.
not been thoroughly studied
size scale
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300 600
Figure 1-6: All the image sequences contained in this work are presented as a series
of stills. The number under each still corresponds to the number of cycles elapsed at
the time the image was taken. All image sequences proceed down from the top left
and across to each column. The scale (always shown on the first frame) applies to all
of the frames.
Without this program, we would have needed to extract images from each exper-
iment manually, and then maintain additional and cumbersome records to track the
frame and the movie from which the image originated. Since this work contains over
thirty image sequences, each with four or more images, a huge effort would have been
required to keep track of all of them.
Figure 1-6 shows a schematic of the archiving program. When the time interval
between frames is measured in cycles, the number below each frame corresponds
to the number of cycles elapsed since the start of the test. If the time between
frames is smaller than one cycle, then caption shows the time interval between frames.
When more than one image is shown, the sequence proceeds down from the top left
and continues for each column to the right (figure 1-6). The program automatically
generates the scale for each sequence (shown in the top left frame), and is capable of
adjusting the brightness and contrast to enhance final output.
The diagrams and other images besides those from experiments created using
Adobe Illustrator or AppleWorks. The data analysis and charts were done using
MATLAB. The data extracted from the images was stored in Microsoft Excel spread-
sheets. The text was prepared in Microsoft Word, and the final document was as-
sembled using Textures, a ITEX implementation for the Apple Macintosh.
Chapter 2
Experimental Setup
This chapter describes the setup in which face seals were tested. In this setup, a CCD
camera was focused on the interface of a seal pressed against a glass window. The
images obtained are used to both track the progression of debris into the seal, as well
as measure the oil-film thickness between the seal and its mating surface.
2.1 Seal Assembly
All of our experimental work was conducted with seals of the type used in pin-joint
assemblies. In a typical configuration, two seals are placed in two end caps that fit
rigidly to the ends of a pin. The bushing rotates freely around the pin while the seals
contain the oil that lubricates their movement.
The seals are made up of three components, a lip, a stiffener ring, and a load
ring (figure 2-1). The lip is the part of the assembly that slides against the mating
surface. It is made out of a polyurethane elastomer which is typically filled with
carbon black and wear-resistant additives (Table 3.1 on page 49). The lip is molded
onto a polycarbonate stiffener ring that helps orient the seal as it is pushed against
the mating surface. The load ring is made out of softer, nitrile rubber.
During operation, the seals are compressed against the bushing with an average
pressure of 8MPa and oscillate against the bushing surface with average speeds of 30
mm/s.
84 mm
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Figure 2-1: The elastomeric seals are made up of a polyurethane lip, a polycarbonate
stiffener ring, and a nitrile rubber load ring.
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Figure 2-2: Face seals are employed in pin-joint arrangements where they contain the
oil lubricating the movement of a bushing around a pin.
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Figure 2-3: A single seal is tested by pressing it against a glass window and shearing
it with a torsion armature.
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mount
Figure 2-4: The torsion armature is cranked through a four-bar linkage by a 1.5 HP
electric motor.
2.2 The Torsion Armature
To reproduce the operating conditions, the seal was placed in a mount resembling the
end cap shown in figure 2-2. The seal mount was bolted to a frame which provided
the rotating motion. The lip was pressed against a glass window which was held in
place by a set of three screws, figure 2-3. The tightness of the screws controlled the
compression between the seal and the glass window.
The seal was rotated by an electric motor through a series of linkages (figure 2-4).
The output from the 1.5 HP motor was reduced by a gear box (9.65:1) and used
to crank the four-bar linkage which oscillated the seal. A programmable electronic
inverter controlled the speed of the motor.
objective pixels per mm field of view
lx 89 5.73 by 5.15 mm
3x 268 1.91 by 1.72
10x 893 0.57 by 0.51
Table 2.1: The field of view for the camera for the different microscope objectives
used.
2.3 Video System
The imaging system consisted of a CCD camera, a frame grabber board, and a com-
puter workstation. We used a Pulnix camera model number TM-9701 equipped with
an extender tube and either a ix, 3x, or 10x microscope objective (depending on the
required magnification). The camera was connected to a IMAXX frame grabber man-
ufactured by Precision Digital Images. The frame grabber converted the video signal
from the camera to a 8-bit grayscale picture 512 by 460 pixels in size. The resulting
field of view for the different objectives (figure 2-5) is shown in Table 2.1. The field
of view was illuminated with a 175W-halogen light equipped with fiber-optic light
guides.
50 mm
Figure 2-5: Most experiments were done using a 3x microscope objective which pro-
duces a 1.9 mm wide by 1.7 mm tall field of view on the edge of the seal lip.
trigger
Figure 2-6: The signal from the trigger on the torsion armature and the video signal
from the camera are fed into the computer where they are synchronized and com-
pressed. The vertical-sync signal from the camera is also used to time the firing of a
pair of pulsed lasers.
T3
GND
Figure 2-7: The signal from the trigger is de-bounced and conditioned by two flip-
flops connected in series. The first flip-flop acts as the de-bouncer, and the second
one as the pulse conditioner.
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Figure 2-8: The vertical-sync from the camera is used to trigger the firing of the two
lasers.
2.3.1 Trigger Debouncing and Pulse Conditioning
The circuit shown in figure 2-7 was used to de-bounce the switch and generate a short
pulse for the frame grabber. At every turn, the normally-open line of the trigger was
connected to ground, and the normally-closed line was openned. This drove the reset
(R) line on the first flip-flop low and forced its state to Q = 1 and Q = 0. Set flip-
flop maintained its state despite additional pulses on the line (as are common in any
mechanical contact - see Horowitz & Hill §9.04). When the state of the switch was
restored (i.e., the normally-open line was left open and the normally-closed line was
connected to ground), the set (S) line was driven low and the flip-flop reversed states
(i.e., Q = 0 and Q = 1). The de-bounced switch signal (point A) was fed to the clock
of the second flip-flop. The rising edge of the signal clocked the flip-flop and copied
the high value from the data port (D) to the output port (Q). The output signal (Q)
drove the base of both transistors, the first connected the trigger to ground, and the
other droves low the reset line on the flip-flop. The voltage drop in the trigger line
signaled the frame grabber to capture an image from the camera. The low voltage on
the reset line restored the second flip-flop to its original state (Q = 0 and Q = 1) and
disconnected the trigger from ground. This arrangement connected trigger to ground
for only a short time.
This circuit was designed to make the time that the trigger line is connected to
ground as short as possible. This was important because the frame grabber interrupts
the execution of the CPU on the workstation for as long as the trigger line is low.
Since the CPU is used to compress the captured images in real-time, interrupting the
CPU even for brief period can reduce the frame capture rate substantially.
2.3.2 Laser Synchronization
There was an additional set of circuitry for experiments in which the laser was needed
to illuminate the region of interest. This circuitry synchronized the laser pulses with
the camera so that the illumination appeared even. Without it, the laser pulses
would occur at different times during the camera's imaging cycles, and thus would
have appeared unevenly illuminated.
The circuit shown in figure 2-8 was used to synchronize the laser. The vertical
sync was isolated from the video signal by a standard v-sync detector chip. The
circuit pulled the VSYNC line each time the camera was ready to capture an image.
The signal was then inverted and alternatively fed to each of the lasers (L 1 and L 2)
using a flip-flop and a two logic (AND) gates (figure 2-8).
2.3.3 Image Compression
As each image was taken, the computer compressed it using Cinepak, an industry
standard image compression algorithm implemented as part of QuickTime [2]. Be-
cause Cinepak takes advantage of the similarity between sequential frames, the use of
the trigger and camera synchronization results in optimally compressed movies. In a
typical test, an image is taken every four seconds. This yields a 20MB for each hour
of the experiment. Without compression, each hour would occupy 200MB.
2.4 Experimental Procedure
Before each test, the seal was washed with water and soap to remove any dust on its
surface. The glass window was similarly cleaned and then glued to the holder using
an adhesive compound. The window was pressed into the holder, and the adhesive
was allowed to set overnight. At the time of the test, the seal was placed in the
mount, and the window was pressed against the seal to the desired pressure. The
space between the glass and the seal was filled with high viscosity gear oil (SAE
80W90).
There are three operational parameters that can be adjusted during each exper-
iment: contact pressure, oscillation amplitude, and oscillation rate. The oscillation
rate was adjusted by setting the speed of the motor through the inverter. The typical
range of speeds was between 30 and 120 cycles per minute. The oscillation amplitude
was controlled by adjusting the length of one of the arms in the four bar linkage that
oscillates the seal. The range of oscillation amplitude was between 5 and 30' of arc
disp force contact band avg. pressure
(mm) (N) (mm) (MPa)
0.00 0 0.00 0.00
0.40 200 0.36 2.08
0.65 356 0.46 2.93
0.90 400 0.57 2.66
1.15 512 0.64 3.03
1.40 623 0.70 3.35
1.65 734 0.77 3.60
1.90 934 0.89 3.99
2.15 979 0.96 3.88
2.40 1,201 1.03 4.46
2.65 1,312 1.17 4.29
2.90 1,535 1.20 4.88
3.15 1,713 1.26 5.19
3.40 1,979 1.42 5.35
3.65 2,358 1.65 5.48
Table 2.2: The compression distance and corresponding force and pressure values for
a standard seal.
(1/64 to 1/12 of a revolution). The contact pressure of the seal was controlled by the
tightness of the three bolts that hold the glass window against the seal. The bolts
were manually tightened until the portion of the lip in contact with the glass observed
through the video system matches the desired value. The width of the contact band
ranges from 0.1 and 0.9 mm. The force corresponding to each of these contact bands
was obtained by interpolating from a table of previously measured values. The table
was constructed by placing a seal in an acrylic fixture and compressing it in a load
cell, and measuring the contact band for a set of given face loads. The average contact
pressure for any given contact band was computed from these values (Table 2.2).
Typical tests were conducted at an oscillation rate of 60 cycles per minute (cpm),
an oscillation amplitude of 300 of arc, and a contact band size of 0.84 mm (850N).
After all of the operational parameters had been set, the seal was operated for five
minutes before adding the slurry. This five minute period allows for a run-in surface
to develop. A similar run-in period was used by Thomas (1975) [31] and Horve
(1991) [14] to assure that the start up process does not, influence the subsequent
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Figure 2-9: A plot of the contact band and the corresponding force and average
contact pressure. The data were obtained by using a load cell and a microscope to
simultaneously measure the contact band and the face load of a seal. See Table 2.2.
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Figure 2-10: As the seal operates in the abrasive slurry, debris penetrate the seal lip.
The test is stopped when debris penetrate the contact band and fall freely into the
oil.
measurements.
After the run-in period, the abrasive slurry was applied to the periphery of the
seal. As the test proceeded, care was taken to assure that a steady supply of fresh
slurry surrounded the seal. The slurry used was composed of four parts (by weight) of
sand, three of clay, and three of water. Video images were captured until the clusters
broke through the contact band and fell freely into the oil (figure 2-10).
2.5 Tracking Debris
After the test is completed, the images were analyzed to extract how far debris ad-
vanced as a function of cycles. To do this, the position of the edge of the seal lip was
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measured as it appeared right before slurry was added to the test. These points were
then fit to a line using a least square method (at lower magnification a parabola was
used to fit the edge of the seal - see below). For each subsequent frame, the distance
between the line and the debris was computed.
For most tests done at high magnification (3x and 10x - figure 2-5), the curvature
of the seal is so large that the measured distance from the edge was never off by more
than 0.1%. For tests using lower magnification, the measurements of the edge of
the seal were matched to a parabola, and that was then used to compensate the
subsequent measurements.
The measurements of debris penetration were normalized by dividing them by the
size (in the radial direction) of the lip (4.27 mm). The result is the percentage of the
lip that debris has penetrated as a function of cycles (figure 3-1).
2.5.1 Difficulties in Tracking Debris
There are two difficulties in tracking the debris as the test proceeds. The first is that
as the debris penetrate the seal, they may overtake the contact band and fall freely
into the oil (figure 2-10). In measuring wear, we ignore loose debris and follow only
that between the seal and the glass.
Another difficulty in measuring particle penetration is the air trapped in the sur-
face imperfections of the seal. On a single frame, it is impossible to tell air from
debris because they both appear as white specs. Fortunately, the air and debris be-
have differently when sheared, and thus it is possible to tell them apart when several
consecutive frames are analyzed.
2.6 Measuring Oil-Film Thickness
To measure the oil-film thickness under the seal lip we employed a technique called
laser-induced fluorescence, [16], [26]. Inakagi et al. (1985) and Poll et al. (1992)
developed the technique for measuring oil-films around pistons and rotary seals re-
spectively. Here we have adapted the technique for measuring the oil film of oscillating
computer workstation
window
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beam
expander
Figure 2-11: A CCD camera images the seal lip and measures the light emitted by a
dye dissolved in the lubricating oil. All of the oil-film measurement experiments were
done without abrasive slurry.
face seals.
Laser-induced fluorescence uses the intensity of light emitted by a dye dissolved
into the oil to estimate the thickness of the oil film. In our setup, we dyed the oil
with a 1 x 10- molar concentration of Pyrromethene 580 (0.4 gr of dye in 100 ml
of oil), and used a Nd:YAG pulsed laser to excite the dye. The same CCD camera
setup described earlier was used to measure the light emitted by the dye.
Pyrromethene 580 has a fluorescent peak at a wavelength of 580 nm (the orange
part of the spectrum). The higher the concentration of the dye, the more orange
light is generated. Since the dye was uniformly distributed in the oil, the higher the
level of orange light, the thicker the lubricating film. A low-pass filter was used to
separate fluorescence from the green light of the laser. The filter blocks the 514 nm
light from the laser, but allows the 580 nm light from the dye pass through. With
this setup, the bright spots identified the areas of high oil concentration, and dark
spots the areas of low oil concentration.
Calibration
The following procedure was followed to convert the images obtained from this setup
into measurements of oil-film thickness. The starting point for all the computations
was the grayscale image from the camera and the value of the surface roughness of
the seal being tested (Ra). In all cases, we measured the surface roughness of the seal
lip using a non-contacting, white-light microscopic interferometer.
The first step in the extraction process was to examine the image to find the top
edge of the seal. The next step was to compute the maximum, the minimum, and the
average value along the pixels that were at the same distance from the edge of the
seal lip. This resulted in a vector containing the minimum, maximum, and average
light intensity as a function of the distance from the edge of the seal lip. To convert
these light intensity values to a thickness, we matched the value of the point where
the seal lifts off the glass to the value for the average surface roughness of the seal. To
eliminate any hydrodynamic or air bubble effects from the calibration, the calibrations
were conducted while the seal remained stationary. The actual measurements were
taken by examining 120 images of seal oscillating at the nominal value of 60 cpm.

Chapter 3
Experimental Results
This section presents the results of experiments conducted in the setup described in
the previous chapter. The results of the tests are summarized by quantifying the
length of the break-in period and the rate of debris penetration. Additional charts
are provided detailing the oil-film thickness of various seal designs, and the estimated
contact force as computed through a finite-element simulation. The significance of
these results is discussed in each of the three following chapters. In particular, the
significance of the length of the break-in period is discussed in Chapter 4 and Chap-
ter 5, the rate of particle penetration is discussed in Chapter 6. The oil-film thickness
measurements are discussed in Chapter 4, and the experiments done at varying op-
erational parameters in Chapter 6.
seal lip texture polyurethane additivet
smooth 360 D
smooth 445 D -
smooth 445 D 2% glass fiber, 2% ceramic fiber
smooth 445 D 4% glass fiber
150 um bump-only 445 D -
75 um bump-only 445 D
hole-and-bump 445 D
hole-only 445 D
Table 3.1: This table shows the different seals tested. tThe polyurethane for all of
the seals was compounded with 0.6% carbon black in addition to the additive shown.
break-in rate of debris
seal date period penetration
(cycles) (nm/cycle)
smooth, 360D 3/28/98 415 418
smooth, no fillers 7/2/98 765 355
(445D 7/9/98 1,001 392
7/22/98 3,055 400
10/24/98 1,252 378
10/26/98 1,787 384
smooth, 2+2% 9/11/96 7,008 358
4/17/97 6,636 429
4/9/98 2,672 432
4/28/98 521 405
6/24/98 2,542 354
6/30/98 1,199 409
7/7/98 4,228 358
smooth, 4% glass 10/23/98 4,644 223
10/25/98 11,981 216
150 um, bump-only 7/8/97 21,423 2.8
6/17/97 > 21,000 -
75 um, bump-only 2/16/99 > 48, 500
bump-and-hole 9/12/96 13,708 32
hole-only 6/19/97 4,355 101
7/1/97 4,235 204
Table 3.2: The break-in period and rate of debris penetration for the seals listed in
Table 3.1. Two of the textured seals do not have a penetration rate because the test
was stopped before a measurable amount of debris had been ingested.
3.1 Seals Designs Tested
Table 3.1 shows a list of the seals tested. The top three seal designs are currently
in production. The rest are experimental designs manufactured for experimentation.
The material for all the seals is either Texin 445D or 360D brand polyurethane.
The denomination (445D and 360D) indicates the manufacturer's classification. The
modulus of elasticity of Texin 360D is roughly twice that of Texin 445D.
break-in rate of debris
test setting (% of date period penetration
nominal) (cycles) (nm/cycle)
oscillation amplitude 1/12 (100%) - 3,544 392
[fraction of 1/16 (75%) 12/14/98 1366 336
a revolution] 1/24 (50%) 12/18/98 0 223
1/36 (33%) 3/16/98 617 160
oscillation rate 30 (50%) 4/11/97 2,405 237
[cycles per 6/2/97 206 396
minute] 6/13/97 289 275
60 (100%) - 3,544 392
120 (200%) 6/4/97 9,081 389
7/2/97 12,183 291
contact force 850 (100%) - 3,544 392
[Newtons] 646 (76%) 7/18/97 5,400 379
638 (75%) 9/22/98 959 401
Table 3.3: Test results for various operational parameters. All the tests were con-
ducted on smooth, 2+2% seals. The data for the 100% of nominal was obtained by
averaging the smooth, 2+2% tests in Table 3.2.
3.2 Test Results
The position of debris with respect to the seal edge was reduced by computing the
length of the break-in period and the rate of debris penetration (figure 3-1).
All the tests shown on Table 3.1 were run under nominal conditions (30' ampli-
tude, 60 cycles per minute, 850N compression force). The break in period and debris
penetration rate for these is listed in Table 3.2. Note that the contact pressure for
the 360D polyurethane is higher because the material is stiffer (see the note in section
6.1.3 on page 114). Additional tests with varying oscillation amplitude and shear rate
were conducted on smooth seal, with a 2% glass fiber and 2% ceramic fiber filler (see
Table 3.3).
3.2.1 Results with Textured-Lip Designs
Figure 3-2 shows images taken before and after each of the seal designs was tested.
The finite element simulations showing the contact stress along the edge of the seal
30%
0 2,000 4,000 6,000 8,000 10,000 12,000
cycles
Figure 3-1: The information for a test can be reduced to two numbers: the length of
the break-in period, and the debris penetration rate.
lip are shown in figures 3-3 through 3-6.
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Figure 3-2: This figure shows before and after pictures of the four different seal lip
designs tested. From top to bottom, smooth, hole-only, bump-only, and bump-and-
hole. The seals on the right column were tested for 7,000, 8,400, 56,900, and 34,000
cycles (from top to bottom, respectively).
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Figure 3-3: A finite-element simulation of the smooth seal lip design. After Cush-
ing [7].
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Figure 3-4: A finite-element simulation of the hole-only seal lip design.
ing [7].
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Figure 3-5: A finite-element simulation of the bump-only seal design. The height of
the bump for this simulation is 150 um. After Cushing [7].
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Figure 3-6: A finite-element simulation of the bump-and-hole seal lip design. After
Cushing [7].
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3.2.2 Oil-film Thickness Measurements
The oil-film thickness for five different seals is shown in figures 3-7 through 3-11. The
first three are a smooth lip with no fillers, a smooth lip with 2+2% fillers, and the
360D polyurethane with no fillers. These seals have surface roughness values (Ra) of
0.41, 0.89, and 0.52 um respectively. The last two charts (figures 3-10 and 3-11) are
the 150 um and the 75 um bump-only seals. All oil-film measurements were taken as
the seal was oscillating at the nominal value of 60 cycles per second. No slurry was
added during these measurements.
It is important to emphasize that in these results we do not imply that the oil-
film measured is produced by a hydrodynamic lubrication process. There are at least
two indication that this is the case. The first is that the measured thickness of
the oil film for a moving seal is only slightly different than the one for a stationary
seal (figure 4-4 on page 67). In hydrodynamic lubrication the movement of the seal
transports oil into the interface creating a thick layer of lubricant. Since the moving
seal and the stationary seal do not differ significantly, then we can assume that the
movement of the seal does not transport meaningful quantities of oil to the interface.
The second indication is that the coefficient of friction of the seal (rotating against a
steel bushing) is between 0.06 and 0.08. Hydrodynamically lubricated contacts have
coefficients of friction between 0.0007 and 0.002 [9, page 8]. Since the coefficient
of friction of the seal is much higher than that of a hydrodynamic contact, we can
assume that the seal is not in the hydrodynamic lubrication regime. Instead, the
friction coefficient suggests that the seal is in the boundary lubrication regime, which
encompasses friction coefficients between 0.06 and 0.15.
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Figure 3-7: The lubrication for a seal with a smooth lip and no fillers. The top and
lower solid lines represent the maximum and minimum lubrication measure. The
(center) dashed line represents the average. Ra = 0.41um.
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Figure 3-8: The lubrication for a seal with a smooth lip and 2 + 2% fillers. The top
and bottom solid lines represent the maximum and minimum measured lubrication.
The center (dashed) line represents the average lubrication. Ra = 0.89um.
I
.................................
. . . . . . . . .... . . . . . . . .. -. •. -
. .. . . A 
'
S . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
4
1
0.9
0.8
2 0.7
0
E 0.6
0.5
S0.4
E
- 0.3
0.2
0.1
0
0 0.2 0.4 0.6 0.8 1
distance from OD [mm]
Figure 3-9: The lubrication for a 360D polyurethane seal with a smooth lip. Ra =
0.52um.
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Figure 3-10: The oil-film thickness for a 75 um, bump-only seal. Each contour line
demarcates a 0.1 um increment in oil-film thickness. The x and y-axis are shown in
millimeters.
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Figure 3-11: The oil-film thickness for 150 um, bump-only seal. Each contour line
demarcates a 0.1 um increment in oil-film thickness. The x and y-axis are shown in
millimeters.
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Chapter 4
Particle Ingestion
This chapter deals with the first stage of seal failure, which we call particle ingestion.
What is meant by ingestion in this chapter is more narrowly defined here than in
the title of this work. In the title (Soil Ingestion by Elastomeric Seals), the word
ingestion refers to the collection of behaviors that transport debris from the slurry to
the oil. In this chapter, the word ingestion refers only to the transport of debris into
the sealing interface that do no damage the seal.
This chapter starts by describing the edge of the seal, how it deforms under load,
and how it moves as the seal is oscillated. Next we cover some background on the
nature of soil and in particular, we discuss the size distribution of soil debris. Next we
show how slurries of varying composition affect seal performance. Finally, we show
results of a test where the penetration of clay particles is made visible through the
use of a fluorescent dye.
4.1 The Sealing Interface
Because the seal contacts the slurry along its periphery, the shape and movement of
the seal edge plays an important role in how particles first enter the seal. This section
details the geometry of the sealing contact as well as its dynamics.
Figure 4-1: The wedge-shape of the uncompressed polyurethane seal has sides at 20'.
4.1.1 Geometry of the Seal Lip
The basic seal consists of a polyurethane wedge with 20' angles along each of the
edges (figure 4-1). Under field conditions, the seal lip is compressed against a steel
bushing with a force that produces an average contact pressure of 8MPa. The force
deforms the lip producing a high contact stress on the outer side of the seal (the slurry
side). The contact stress gradually tapers down radially towards the inside (the oil
side). Figure 4-3 shows estimates of the contact stress along the radial direction of
the seal lip for different contact band widths.
Despite the strong compression force, the space between the seal and the mating
surface is filled with small voids. This is because the compression force is not strong
enough to force the surface roughness of the seal lip to completely conform to the
mating surface (figure 4-2). This can be seen in two ways. The first is through
lubrication measurements obtained by means of laser-induced fluorescence. Figure
4-4 shows that despite the high contact stress along the rim of the seal lip, there are
still voids along the seal edge that allow an oil-film thickness of 0.1 um (see also figure
4-3). Unlike the measurements shown in Chapter 3, the oil-film measurements shown
here were taken after the seal had remained stationary overnight . This was done to
eliminate any hydrodynamic effect from the measurement and show only the oil-film
Figure 4-2: The surface of the seal lip has voids that trap oil and debris. This image
shows the surface roughness of a 445D polyurethane seal lip with no fillers added.
The surface roughness average (Ra) for this seal is 0.41 um.
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Figure 4-3: A prediction of the contact stress for three different size contact bands.
The x-axis shows the distance from the outer edge of the seal, and the y-axis the
contact stress (o922/E) normalized by the modulus of the seal lip material. The stress
is negative because the seal is in compression. The lines shown correspond (from left
to right) to contact bands of 0.9, 1.2, and 1.4 mm in size. After Parsons [24].
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Figure 4-4: The oil-film under a stationary seal. The x-axis is the distance from the
outer edge of the seal lip in mm, and the y-axis is the average oil-film in microns.
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due to the surface roughness of the seal.
The second indication that there are voids between the seal and the glass is the
presence of air bubbles along the interface. These bubbles are best seen in video, and
show poorly at best in print (e.g., figure 4-7). The bubbles are most visible during
the initial parts of the test. As the test proceeds, the pockets combine to form larger
bubbles or dissolve in the oil.
4.1.2 Geometry of the Sealing Edge
In spite of its wedge design, the point of highest contact pressure occurs slightly
inward from the edge of the lip rather than at the edge. This can be seen in at least
one of the finite element simulations (figure 4-3). A finer mesh would show the same
for all shown contact pressures.
Another thing that the finite element simulations do not capture is that the edge
of the seal lip lifts away from the mating surface at the very edge. This effect is due
in part to the 0.14 mm radius imparted to the tip of the seal lip. The lifting up can
be seen in the video images of the contact band (figure 4-5) and in pictures from the
lubrication studies using laser-induced fluorescence (figure 4-6).
4.1.3 Sealing Edge Dynamics
While most of the motion of the seal is tangential, the lip also moves slightly in the
radial direction. The tangential motion is imparted by the rotation of the torsion
armature. The radial displacement is due to the eccentricity between the seal mount
and the torsion armature. In our experimental setup as well as in the field, face
seals experience some degree of eccentricity. This is due to the clearance between the
outside diameter of the pin and inside diameter of the bushing (figure 2-2 on page
34).
In the lab, the amount of radial displacement can be adjusted to be in the range
of 10 to 500 um. It is not, however, possible to go under 10 um because that is
how much clearance there is in the brass bearing upon which the seal mount sits. In
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Figure 4-5: The edge of the seal lip lifts away from the mating surface. This im-
age shows the sealing edge (below) a detail of the seal edge at higher magnification
(above). The edge of the seal lip and the oil meniscus are visible in the above image.
Oil-film thickness measurements show that the edge of the seal lip lifts away from the
glass creating a space 10 um tall (figure 4-6).
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Figure 4-6: The portion of the edge that lifts away from the glass is visible in this
laser-induced fluorescence picture. The lift off area is typically 10 um, but can be as
big as 50 um depending on the seal material and the contact pressure.
practice, the clearances are much greater. For example, in the joints of bulldozers
the clearance between the pins and bushings can create radial displacements between
270 and 430 um. This clearance is needed to keep the space between the pin and
the bushing lubricated, and to simplify the manufacturing and assembly process. It
would be difficult and undesirable to make a bushing whose inside diameter exactly
matched the outside diameter of a pin (and thus imparted no radial displacement to
the seal as it operated). This would also complicate the automated assembly process
because it would make it hard to slide the pin inside the bushing.
In summary, the edge of the seal lip displaces radially as well as tangentially as
the seal operates. This radial displacement causes the seal to run over the debris that
collect in the voids along the seal edge (figure 4-8).
4.2 The Nature of Soil
The composition of soil is most often characterized by the fraction of particles of given
sizes. The three most common size ranges are sand, silt, and clay (figure 4-9). Sand
particles are the largest recognized soil material. They encompass particles ranging
in size from 2000 um down to 50 um. Sand grains usually consist of quartz (SiO 2),
but may also be fragments of feldspar, mica, and occasionally heavy minerals such as
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Figure 4-7: As the seal moves from end of its oscillation to the other, the edge of the
seal lip displaces radially. Each row shows the seal as viewed from the camera at the
two extremes of the 1/12 of a revolution stroke. The displacement can be large (top
row), or very small (bottom row). The edge of the seal on the top row is 30 um higher
than the corresponding image on the left. For the bottom row, the displacement is
less than 5 um. The white spots are air bubbles trapped in the surface roughness of
the lip.
1mm
Figure 4-8: As the seal oscillates, the edge displaces radially (from point A, to point
B). This radial motion runs over the debris that collects in the space between the seal
and glass.
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Figure 4-9: This chart shows the size distribution of soil debris. Particles above 50 um
are considered sand, and the particles below 2 um are considered clay. The particles
with size in between are called silt. See figures 4-12 through 4-14.
zircon, tourmaline, and hornblende [11].
Silt consists of particles with a size between that of sand and clay. Silt particles
resemble sand in the mineralogical composition, but they exhibit some of the physico-
chemical properties of clay. This is because they have larger surface to volume ratios,
and are often coated with strongly adhered clay particles.
Clay particles consist of particles 2 um and smaller. Clay particles are character-
istically plate-like or needlelike in shape and belong to a general group of minerals
called aluminosilicates. Because of their large surface area to volume ratio, the be-
havior of clay is dominated by its physicochemical properties. In comparison to clay,
sand particles are essentially inert.
The physicochemical properties of clay play an important role in the process of
particle clustering, which is the subject of the next chapter. A longer introduction
dealing with the physicochemical nature of clay and colloidal chemistry is presented
there. In this chapter, we treat the soil particles as being inert, which is certainly true
of the sand particles, but less obviously so for clay particles. The reason that we can
treat clay as being inert is that the chemical forces act over short distances. When
in suspension, the clay particles are kept sufficiently far apart that the short-range
forces are inconsequential. Clay can thus be viewed as a collection of inert particles
so long as they remain in a stable, water-based suspension.
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Figure 4-10: A seal tested in a slurry of clay and water exhibits the same failure
process as one tested with both clay and sand (figure 2-10 on page 44).
4.3 Test with Varying Slurry Composition
To determine the composition of ingested debris, we ran tests where we altered the
composition of the slurry between sand and clay. In particular, we prepared two
slurries, one mostly clay, the other mostly sand, and we tested seals in each to see
which of the two caused the seal to fail faster.
Figure 4-10 shows that a slurry containing clay alone is capable of precipitating
the failure of a seal equally well as a slurry with sand and clay. A seal tested in a
sand-based slurry (figure 4-11), however, does not fail as quickly (if ever).
From these results, and from other analyses (see Section 6.1.1) it seems clear that
clay plays the most important part in the process of particle ingestion. Experiments
conducted by Parsons [24] show that only particles on the range 0 to 3 um (figure 4-16)
are capable of inducing failure whereas particles between 10 and 20 um (figure 4-15)
do not. The seals running in the 10 to 20 um slurry did not fail even after operating
for 22,000 cycles (the break-in period with the nominal slurry - figure 4-12 - is 3,500
cycles). With a slurry of particles in the range 0 to 3 um, however, the average
break-in period is less than 1,000 cycles.
406 16,944
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Figure 4-11: A seal tested in a slurry of sand and water does not fail as quickly as one
where clay is present, even if tested for a longer period. The images above represent
two different tests using a sand-based slurry. The second row after Parsons [24]
%PASS
u100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
0.100 1.000
7
/
10.00
Iil
7
Tiiii Fi
100.0
I
1000
-
-
- Size (microns) -
Figure 4-12: The size of the particles in the slurry mixture shown as a percentage of
volume. The peak at 200 um corresponds to sand (figure 4-13), whereas the smaller
peaks at 5 and 16 um correspond to the clay and silt (figure 4-14).
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Figure 4-13: The size of sand particles in the slurry. The sand particles have an
average size of 200 um.
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Figure 4-14: The size of clay and silt particles in the slurry. The particles range in
size between a fraction and one hundred microns.
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Figure 4-15: The size of particles in the range of 10 to 20 um. When a seal is tested in
a slurry composed of these particles, the seal does not fail even after 22,000 cycles [24].
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Figure 4-16: The distribution of particles in the range 0 to 3 um. When a seal is
tested in a slurry composed of these particles, the seal break-in period is only 1,000
cycles [24]. The chart does not show particles below 0.5 um because the system used
to measure is not able to detect them.
4.4 Observing Particle Ingestion
In this section, we show results of two experiments where the ingestion of debris can
be observed through the use of special illumination and and increased magnification.
In the first experiment, we take advantage of the Tyndall effect to observe the clay
particles entering the contact band. In the second experiment, we use the same setup
used to measure the oil-film thickness, but instead of dying the oil, we dye the clay.
The first experiment uses the same setup described in Chapter 2. The only change
is that the illumination is setup at right angles from the camera. With this arrange-
ment, the particles entering the contact band scatter the light coming at right angles,
and thus appear white against the dark background of the seal. The scattering of light
by small particles is a well-known characteristic of colloidal suspensions commonly
referred to as the Tyndall effect [33, page 81]. Figure 4-18 shows that particles enter
through the periphery of the seal but do not damage the lip.
In the second experiment we stained the clay particles using Rhodamine 6G, and
then used the same setup as the one used for measuring oil-film thickness to isolate
the light emitted by the dye. Since the dye binds strongly to the surface of the clay
(figure 4-17), the images reveal how clay particles first enter the seal lip. Figure 4-19
shows a summary of images where the clay can be seen penetrating the contact band
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Figure 4-17: The chemical structure of Rhodamine 6G. The dye is made up of two
halves. The part shown above consists of a covalent chlorine attached to a chain of
three benzene rings. The part below consists of a single benzene ring in the form of
a benzoic acid group. The lower end has a net positive charge because of the four
hydrogen atoms connected to the ring. This end is strongly drawn to the negatively
charged surface of clay particles (Section 5.1, page 89).
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without damaging the seal.
In summary, the clay particles that first penetrate the contact band without dam-
aging it can be seen using special illumination and dyes. In two experiments, the
first using the Tyndall effect and the second using laser-induced fluorescence, the clay
particles can be see entering the contact band without damaging the seal.
4.5 Mechanisms of Particle Ingestion
We now turn our attention from discussing the observed behavior to trying to deduce
the mechanism that drives particles under the seal lip. For this, we first distinguish
between two separate mechanisms, one that drives particles across the sealing inter-
face, and one that disperses the particles already in the contact gap.
Thus far, the most important thing that we have learnt is the geometry of the edge
of the seal lip, and the size of the particles that are ingested. The size of the contact
gap and of the particles ingested are both on the order of one micron, maybe even
smaller. We have also shown that the seal is capable of ingesting particles without
becoming damaged.
As we observe the images from the ingestion process (e.g., figure 4-19), we notice
that the cloud of fluorescent particles forms as much under the seal lip as on the
immediate periphery outside of the seal. This suggests that the mechanism that drives
particles into the contact band also transports debris to the outside of the seal. If the
transport mechanism served to only draw particles into the seal, the concentration of
fluorescent particles outside of the seal would decrease and not increase.
To see why, we observe three things. The first is that the size of the particles in
the slurry ranges from half a micron to a couple of hundred microns (figure 4-12).
The second is that the dye adheres more strongly to the smaller particles than the
larger ones'. The third is that the seal draws into its interface only those particles
that fit in the micron size space near the edge of the seal. Figure 4-20 shows the
three possible alternatives. If the seal neither pulled nor pushed particles, then the
1The reason for this is that the smaller particles have a stronger surface charge - see section 5.1
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Figure 4-18: The scattered light reveals the presence of small particles penetrating
the contact band in this sequence of images. The radial displacement in this test was
set to 330 um.
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Figure 4-19: The penetration of small clay particles can be seen in this sequence.
The presence of clay particles is revealed through the use of Rhodamine 6G dye and alaser. The clay particles, which on the first frame are seen only outside of the sealing
edge, penetrate the sealing contact as the number of cycles increases. The arrow at
the edge of each image indicates the location of the edge of the seal lip.
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Figure 4-20: These three figures show the expected fluorescence in the seal and out-
side of the seal for three different transport mechanisms. In all cases, the transport
mechanism acts on particles 0-lumin size even though the slurry contains particles
in the range of 0-200um. Since the smaller particles fluoresce more, the brightness
in the images reflects the concentration of small particles. The first (left) neither
pulls or pushes debris into the seal (i.e., it does not transport). The second one pulls
particles into the contact band, but does not push them out. The last one both pulls
and pushes debris in and out of the seal.
fluorescence outside of the seal would remain constant (i.e., the same level as the
average slurry). If the seal pulled debris into the contact band and did not push
any to the outside, then the fluorescence under the seal lip would increase and the
fluorescence on the outside would decrease. If the seal both pulled and pushed debris
in and out of the seal, then the concentration in the contact band as well as on the
outside would increase because the fluorescent particles would accumulate near the
interface.
This suggests that the transport mechanism is something like dispersion. As the
lip shears the oil against the glass, the oil has to slide under the seal or swerve around
the surface imperfections. Since the oil displaces at a variety of velocities, the particles
it contains are transported at different rates and in different directions. This is similar
to what would happen to a fluid going through a porous material. When a fluid is
pushed through porous media, the fluid swerves to get around the obstacles and into
the pores. The swerving and the varying speeds produce a dispersive action since
the fluid is transported in several directions and at different speeds2. This is called
hydrodynamic dispersion.
2Another case where the smearing of fluid velocity leads to dispersion is Taylor diffusion [27].
It is important to draw a clear distinction between this shear-induced dispersion
and concentration-driven diffusion. To demonstrate the difference between these two,
we designed an experiment to measure the relative magnitude of each using the same
fluorescent clay technique mentioned earlier. In the test, the seal was operated (with-
out slurry) for a brief period until its run-in surface had developed (see section 2.4).
We then added the slurry along the edge of the seal and stopped the seal from moving
for ten minutes. After ten minutes, we re-started the seal oscillation for a two minute
period.
The results of the experiment are shown in figure 4-21. The images show that
more particles are ingested in the two minutes moving than in the ten minutes that
the seal remained stationary. This demonstrates that although seal movement is
not necessary for particle ingestion, the movement of the seal pulls debris across the
sealing interface more aggressively.
Measurements of the particle front taken during the Tyndall-effect experiment
(figure 4-18) are shown in figure 4-22. The chart shows that the particle front advances
erratically and then seemingly comes to a stop. This is consistent with images from
other tests (e.g., figure 4-19). The front seems to advance to a certain point, and
then stop. The reason for this is unknown (figure 5-3 on page 93), but it is likely to
be related to the location of the point of highest contact pressure. As the contact
pressure increases, the void density decreases, and that makes it more difficult for
particles to penetrate the seal.
We can say little else about the nature of the transport mechanism. The vibration
in the experimental setup and the irregularity of the seal surface complicate the
extraction of exact measurements. And even if those measurements were available,
they would be of little use to seal designers. What is important here is the connection
between the size of the contact band and the size of the particles that are ingested
into the seal.
In the historical context, our findings are consistent with the observations of
Tanoue et al. [30]. They studied how the concentration of particles of different sizes
affected the time it took for seals to fail in diesel engines. They observed that as the
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Figure 4-21: These images show that the rate
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Figure 4-22: A plot of the particle front taken from the Tyndall effect experiment.
This plot shows that the front moves but then stops.
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average size of particles increased, the time to failure became greater. Since larger
particles cannot be transported through the contact gap, they accumulate at the
sealing interface and obstruct the path smaller particles. Seals tested with smaller
particles failed quickly, even when the particle concentration was only one fifth that
used with larger particles.
4.6 Summary
This Chapter deals with how particles from the slurry are first ingested into the seal
lip. We started with a discussion of the geometry and dynamics of the seal edge. We
showed that the surface of the polyurethane has micron-size irregularities, and that
these irregularities serve to trap oil even when the seal is under compression. This
creates a gap along the perimeter of the seal lip which at its narrowest point has a
dimension of 0.1 um.
Soil debris range in size from a fraction of a micron to several hundred microns.
Only small particles seem to enter the contact gap. In experiments using slurries with
particles of known size, we showed that for a seal to fail the slurry had to have a high
concentrations of particles smaller than 3 um.
The mechanism that transports particles into the contact band seems to pull
particles in the contact gap as well as push them out. This is evident from the
accumulation of small particles on the periphery of the seal. If the mechanism worked
in one direction only, then the concentration of small particles outside the seal lip
would decrease.
The mechanism that drives particles into the seal exhibits dispersion-like behavior.
This behavior is most likely due to the irregular surface of the seal lip shearing the
oil. As the oil is sheared, it must swerve around the surface imperfection of the seal,
thus carrying debris at different rates and in a variety of directions.
The particles ingested by the seal form a cloud along the edge of the seal. In
all experiments, this cloud grows quickly to a fixed distance from the edge of the
seal, and then stops. It is not known why the cloud stops advancing after reaching a
certain distance from the seal lip.
Chapter 5
Particle Aggregation
This chapter deals with particle aggregation, which is the process that produces
clusters out of the particles that have entered the contact band. The particles in a
cluster are held together by short range forces, forces with such limited range that
they are not capable of transporting particles toward each other. Instead, particles
have to be squeezed against each other before the short-range forces can bind them
together into a cohesive whole.
This section starts by discussing the properties of colloidal suspensions, and in
particular, it summarizes what is known about the physiochemical properties of clay.
Next, we show some results of experiments aimed at interfering with the particle
aggregation process. We close with some ideas of other means that could be used to
inhibit particle aggregation.
5.1 The Nature of Clay
This section deals with the composition of clay and the nature of the electrostatic
charge that it possesses. We start with a general description of the nature of clay, and
then discuss the mechanisms through which clay particles acquire charge. Finally, this
section discusses the mechanism of attraction and repulsion that the charge generates.
A clay particle is composed of multiply stacked composite layers (or unit cells)
called lamellae. Each layer is composed of silicon atoms in a tetrahedral matrix, or
aluminum atoms in an octahedral one. The layers can acquire an overall negative
charge through a phenomenon known as isomorphous replacement. In isomorphous
replacement, an aluminum ion (Al1+ ) can take the place of a silicon ion (Si 4+) in a
tetrahedral layer, or a magnesium (Mg2 + ) atom can substitute for an aluminum one
(A13+) in an octahedral layer. This leaves the layer with a net negative charge since
the new ion does not match the valence of the atom it replaces.
Another source of charge imbalance is the incomplete neutralization of terminal
atoms on lattice edges. Since each atom in the layer needs its surrounding neighbors to
neutralize its charge, the missing atoms at the ends leave the particle with a localized
positive charge.
The primary consequence of the charge imbalance is that a cloud of positive ions
is drawn to each clay particle. The ions typically include sodium (Na+), potassium
(K+), hydrogen (H+), magnesium (Mg 2+), calcium (Ca2 +), and aluminum (A13+).
Clay particles also draw water molecules. The water molecule is not an ion per se,
but because it is polar in nature, it adheres strongly to the surface of clay.
The ion swarms around any two clay particles produces a repulsive force so long
as the swarms do not interpenetrate. When water is present in abundance (as in the
slurry mixture), this is easily achieved. A mixture in this state (where the repulsive
forces dominate) is said to be dispersed or peptized.
If the clay particles are pushed together (say, within 2 nm [11]) so that their ion
swarms interpenetrate, then the counter-ions of each particle intermingle and form a
unified layer of positive charges surrounding both. The combined swarm holds the
particles together.
Another type of electrostatic attraction occurs when the end (which is positively
charged) is pushed against the bulk of another particle (which is negatively charged).
The opposing charges attract, and thus hold the two particles together.
In either of the above cases, the short range of the forces acts to bind together
particles. Other forces are required to bring them together in the first place.
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Figure 5-1: The above images show a seal operating in an environment of dry clay
and sand. The image on the left shows the seal just after the dry mixture has been
added, and the image on the right shows how the particles have penetrated the seal
and damaged it after 20,000 cycles of operation. The clusters are visible on the top
right of the image.
5.2 Prolonging the Break-in Period
The appearance of clusters in the contact band coincides with a period of rapid
particle ingestion called cluster shearing - see next chapter. Since cluster shearing
starts when clusters near the size of the contact gap, it is possible to prolong the life
of the seal by delaying the aggregation of particles into clusters, or by enlarging the
contact gap. The next two sections deal with each of these two possibilities.
5.2.1 Inhibiting Particle Aggregation
To see if the rate of particle aggregation could be controlled, we used Witcamide 511,
a chemical dispersant manufactured by Witco. This chemical is typically used to
disperse clay particles in oil-based paints.
In the first experiment, we compared the performance of two seals, one running in
regular oil, and the other running in 5% volume of Witcamide 511, and 95% oil. For
both tests the standard water-based slurry was replaced with a dry mixture of sand
and clay. Figures 5-1 and 5-2 show the seals at the beginning of the test, and after
19,000 cycles and 40,000 cycles respectively. These images show that the seal tested
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Figure 5-2: The above images show a seal operating with a mixture of clay and sand
added to its periphery and surfactant added to the oil. It shows that no cluster and
no wear occurred even after the seal was operated for more than 40,000 cycles. In
this experiment the surfactant prevents the clay from clustering and hence there isdamage to the seal.
with Witcamide exhibited no damage even after operating twice as long as the seal
tested without it.
5.2.2 Enlarging the Contact Gap
The second way to delay the onset of clusters shearing is to enlarge the contact gap.
One way to do this, is by making the surface roughness of the seal larger.
Of the seals that we tested, those with fillers have the greater surface roughness.
Because of this, we expect that it will take longer for the clusters to grow large enough
to start shearing, and for seal to exhibit a longer break-in period.
This is indeed the case. Seals with the 2+2% filler package (Ra = 0.89 um) have an
average break-in period of 3,500 cycles (N = 7). Seals without fillers (Ra = 0.41 um)
have an average break-in period of onlyl,600 cycles (N = 5 ) - see Table 3.2.
Further confirmation of this comes from our studies using fluorescent clay particles.
Figure 5-3 shows images for a seal with no fillers (top) and a 2+2% filled seal (bottom).
Both images correspond to the time when clusters are first seen in both cases.
In comparing the images, we notice that the cloud of debris for the filled seal is
brighter than the seal with no fillers. Also, it takes almost 6,000 cycles for clusters
76U)
U,
950
1D
10)
1-010
ODO
a,
5,800
Figure 5-3: The cloud of clay debris at the time that clusters are first visible for a
seal with no fillers (top), and for a seal with the 2+2% filler package (bottom). The
cloud of clay particles for the seal with no fillers is smaller and less dense. The filled
seal, on the other hand, has a brighter and lager cloud of clay particles. The depth
to which debris penetrate the seal edge is the same for both seals.
to appear in the filled case, as opposed to 950 for the seal with no fillers.
Since the only difference between the two seals is the presence of the fibers and the
increased surface roughness, we consider two possible explanations for the difference
in breaking period. The first is that the fibers in the seal interfere with the creation
of clusters. The second is that cluster need to grow larger before then can span the
deeper valleys of the contact gap.
At this point, it is hard to distinguish between these two possibilities or from a
combination of the two. That is, the increase in particle density in the contact band
may due to both mechanisms. The only fact that possibly refutes the fiber theory is
that there are no pieces of clusters visible before the start of cluster shearing. If the
fibers were breaking up clusters then we should find cluster pieces outside of the seal
were there is nothing to continue breaking them down. This does not happen until
after the cluster shearing process begins.
5.3 Summary
Once a sufficient number of particles has been ingested by the seal, the chance that
they will be pushed against each other increases. As these particles are squeezed to-
gether, the short range forces produced by the change imbalances in the clay particles
can cause particles to bind together. As particles bind together, they form clusters,
and when these clusters start shearing in the contact band, the break-in period of the
seal is said to be over.
We explored two different alternatives in extending the break-in period of the seal.
The first involved the used of a chemical dispersant. The dispersant was effective in
prolonging the life of the seal in tests using a dry mixture of clay and sand. The
dispersant was not successful in prolonging the break-in period if a water-based slurry
was used.
The second way of prolonging the length of the break-in period was to use a seal
with a bigger surface roughness. The greater surface roughness means that clusters
have to grow larger before they can bridge the contact gap, thus prolonging the
break-in period.
Chapter 6
Cluster Shearing
This chapter describes the behavior of debris clusters as they shear between the
seal and its mating surface. First, we examine the composition of the clusters to
establish their chemical and physical nature. Next, we describe clusters development
and behavior, in particular concentrating on four aspects: (1) movement, (2) aspect
ratio, (3) spacing (separation), and (3) rate of penetration. Finally, we attempt to
explain the observed behavior by postulating possible mechanisms. In particular, we
focus on a granular model which sucessfully explains the four mentioned behaviors.
6.1 General Characteristics of Clusters
The previous chapter showed how short range forces hold together the clay particles
that accumulate in the contact band and form clusters. These clusters are groups of
particles that act as a whole, and they range in size from less than 40 um (figure 6-1)
to the size of the contact band (figure 6-2).
Studying the shearing behavior of the clusters is important because it seems to
strongly influence the rate at which particles are pushed into the contact band. We
start by analyzing their chemical composition, and then studying different aspects of
their behavior.
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Figure 6-1: The initial formation of clusters can be seen in this sequence of images.
Even at this small scale, the clusters take on a tear-drop or crescent shape and align
their long axis in the radial direction.
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Figure 6-2: When the clusters grow so large that they start pushing debris into the oil
side of the seal, their shape remains the same, but their aspect ratio (h/w) decreases.
In this sequence, the aspect ratio of the clusters is seen decreasing as the clusters
start pushing debris into the contact band.
Figure 6-3: The long axis of the clusters aligns in the radial direction of the seal.
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6.1.1 Cluster Composition
We studied the chemical composition of clusters by using an environmental scanning
electron microscope (ESEM) and a x-ray analyzer. An ESEM allows the samples to
be observed without the need for coating them with a metal. This is indispensable
when analyzing the chemical make up of the observed sample.
The clusters analyzed were created using a seal without glass or ceramic additives
in order to reduce the number of elements present in the sample (see Table 3.1 on
page 49).
We ran a test under nominal conditions until the clusters grew large enough to
penetrate the contact band. The clusters were extracted from the test rig by carefully
separating the seal from the glass and allowing the oil to drain. We rinsed the clusters
with acetone to remove the layer of oil clinging to their surface. The oil had to be
removed because the electron microscope cannot penetrate it during analysis.
Figure 6-4 shows the six clusters that were prepared for analysis. The clusters
were mounted on an aluminum button using double-sided carbon tape.
The spectrum for each sample was obtained by recording the intensity of x-rays
generated at each frequency. Since each chemical element emits x-rays at a unique
set of wavelengths, the chemical composition of any material can be deduced by
examining the spectrum.
Figure 6-5 shows the spectrum for the clusters, and figures 6-6 and 6-7 show
the spectrum for clay and sand respectively. The peaks have been labeled with the
corresponding element they identify. The charts show that clusters resemble clay more
than sand. The only differences are the peaks at carbon (at 280 eV), and calcium (at
3.72 KeV).
We are now left to explain the carbon and calcium peaks. There are three possible
sources of carbon in the seal. The first is that not all of the oil was dissolved by
the acetone, and that the carbon in the oil is what is being detected. The second
possibility is that pieces of the seal (which is made out of polyurethane) are mixed with
the cluster and thus contribute carbon to the cluster composition. This is unlikely
Figure 6-4: The clusters that were washed with acetone to remove the oil before they
were analyzed in the electron microscope.
because polyurethane contains as much nitrogen as it does carbon, and since there is
no nitrogen peak, there is likely no polyurethane.
The last possible source of carbon is the tape used to adhere the cluster to the
aluminum button. This too is unlikely since the tape that was used to affix the
clusters, was also used to fix the soil samples. If the carbon in the tape was the
source, the same peak would have appeared in all three spectra.
After this analysis, we conclude that the oil is the most likely source of carbon.
Some oil is likely to remain trapped between the clay particles even after the clusters
were washed with acetone. In experiments with oil-soluble dyes, we have seen that
oil becomes an integral part of the cluster (figure 6-8).
The other unaccounted peak in the spectrum is less of a mystery. The only source
of calcium in the system is sand, and so it is likely that very small particles of sand
are a part of the cluster. The concentration, as can be gauged by the low intensity
of the peak, is very small.
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Figure 6-5: The x-ray spectrum for the clusters shown in figure 6-4. In comparison to
the spectra for clay and sand (figures 6-6, and 6-7), the clusters are chemically more
similar to clay.
101
x-ray spectrum (clay)
4500
4000
3500
3000
2500
2000
1500
1000
500
0
0 1 2 3 4 5 6 7
KeV
Figure 6-6: The x-ray spectrum for clay.
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Figure 6-7: The x-ray spectrum for sand.
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Figure 6-8: The oil concentration in a cluster as revealed through laser-induced fluo-
rescence (figure 2-11). The brightness of the image shows the relative oil concentration
in the contact band. The bright area at the bottom of the image corresponds to the
oil side of the seal, and the faint area near the top is the slurry side. The crescent
shape on the left is a cluster, and from the brightness, it can be seen that it has
absorbed oil. The dye used for this picture (Pyrromethene 580) is oil-soluble, and not
water soluble as with the images from the particle ingestion figures (e.g., figure 4-19).
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6.1.2 Cluster Movement
This section deals with how clusters move as they shear between the glass and the
seal. Images taken from various experiments (e.g., figure 6-9) appear to indicate that
the clusters move by rolling. That is, clusters grip both sides and spin between the
seal and glass surface. In order clusters to roll, particles from the trailing edge of the
rolling cluster should transfer from the seal side to the glass side. Without this, the
cluster would simply smear between the two surfaces. The most likely source of the
transfer mechanism are the short range forces described in Chapter 5.
The primary evidence of rolling is that clusters travel the same distance regardless
of size (figure 6-9). To see why this is particular to rolling, consider the analogous
problem of two cylinders of different diameters being rolled between two flat plates
(figure 6-10). As the top plate is moved, the center of each cylinder displaces half of
the driving distance regardless of its diameter.
In the case of the clusters, the same distance is traveled regardless of size, but
the distance is not exactly one half of the driving displacement. Figure 6-11 shows a
comparison between the displacement of a cluster and the position of the seal during
one stroke (more information on regarding this chart is presented in section 6.1.5).
On average, clusters displace 65% and not 50% of the driving distance.
Other deviations from pure rolling behavior are evident in the slight difference of
speed at which clusters displace. If all clusters moved at exactly the same speed all
the time (as in pure rolling), then they would never run into each other to create
larger clusters. Since clusters do run into each other, there has to be more than pure
rolling involved (figure 6-29 - additional material on the time history of clusters and
how larger clusters are formed from smaller ones is presented in section 6.1.5).
One possibility that explains these deviations is that clusters exhibit a combination
of both sliding and rolling. In sliding, the cluster grips one surface and slides (as a
whole) against the other. The presence of sliding is most easily seen at the time the
seal reverses direction. Figure 6-13 shows that at reversal, the ends of the cluster
move with the seal, whereas the center lags behind. Once the seal gains speed, the
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cluster starts rolling.
In summary, since clusters displace the same fraction of the driving distance re-
gardless of size, it is likely that clusters move mostly by rolling between the seal and
the glass surface. Because clusters displace more than half of the driving distance,
however, clusters are likely to be partly sliding in addition to rolling. Clusters also
exhibit pure sliding behavior. This is particularly visible at the tips of the clusters
when the seal reverses direction.
6.1.3 Aspect Ratio
In this section, we examine the shape of the cluster and how it is affected by op-
erational parameters. We will show that the aspect ratio of clusters appears to be
independent of several operational factors, including the stiffness/modulus of the seal
lip material. Only when clusters push all the way into the contact band does the
aspect ratio change. This is indicative that whatever mechanism is responsible for
maintaining the aspect ratio of the clusters, it is only present prior to debris breaking
through the contact band.
Aspect Ratio as a Measure of Radial Alignment
We define the aspect ratio of a cluster as the radial distance (height) divided by the
tangential distance (width). For the sake of completeness, we define here the thickness
of the cluster as being the dimension of the cluster that fits between the glass window
and the seal. Using the term thickness to define the third dimension of the cluster
is consistent with its use for describing the size of the oil layer that exists between
the seal the glass (i.e., the oil-film thickness). In both cases, the term refers to the
distance that separates the seal from the glass.
Because we want the aspect ratio to serve as a measure of the degree of ra-
dial alignment, we further restrict the definitions of height and width to be greatest
distance spanned by the cluster in the radial and tangential directions respectively
(figure 6-14).
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Figure 6-9: As the seal rotates against the glass, the clusters trapped in between
displace at a speed slower than the seal. These two sequences show the position of
the seal (made visible by a paint dot on the inside diameter and marked with a black
arrow), and relative position of the clusters (marked by the bracket).
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Figure 6-10: When the top plate is moved by a distance (A), the centers of the
two cylinders displace the same amount (B) even though the cylinders have different
diameters. Similarly, clusters should displace at the same (linear) velocity regardless
of size if they are rolling. The angular velocity (the rate at which they spin) is larger
for the smaller cylinder.
Figures 6-15 and 6-16 show plots aspect ratio for two experiments conducted at
nominal parameters (see section 2.4). The plots show that the aspect ratio for most
clusters, the aspect ratio falls between h/w = 2 and h/w = 2.5. The aspect ratio of
the clusters was measured from the images of the test, all of which are taken at the
end of the stroke of an oscillation cycle.
Aspect Ratio during the Oscillation Stroke
To eliminate the possibility that the convergence of the aspect ratio is observed only
at the end of a stroke, we devised an experiment where images of the clusters were
recorded throughout the oscillation stroke. This required two adjustments to the
experimental setup. The first was to decouple the image capture process from the
trigger which only actuates at the end of the oscillation stroke. The second adjustment
was finding a way to photograph the clusters while they were moving.
To achieve the first goal, we replaced the trigger with a timer. The timer signaled
the camera to capture an image every five seconds. The camera shutter was set to
1/1000 of a second to prevent the images from being blurred. Additional lightning
was provided to compensate for darkness created by the higher shutter speed.
Results from this experiment are shown in figure 6-17. They show the same
convergence towards a value of h/w between 2 and 2.5. We take this to be an
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Figure 6-11: The position of clusters (top) compared to the position of the seal
(below) for one stroke. This image shows that the displacement distance for clusters
is slightly greater than one half the seal displacement. The units of the x-axis are the
distance along the perimeter of the seal. The y-axis show time in seconds.
109
1'~11~
~usr~c-
I I
Figure 6-12: The sliding and rolling behavior of clusters can be seen in this sequence.
The large cluster (top left) rolls, and therefore moves at a slower speed than the
cluster to the right of it (which is sliding). The difference in speeds separates the
clusters as the seal rotates. Each frame is taken 1/30 of a second apart.
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Figure 6-13: These images show the shape of the clusters at the point where the seal
reverses direction. In the top image, the seal is moving towards the right. In the lower
two images the seal has started moving towards the left. Each image is separated in
time by 1/30 of a second.
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Figure 6-14: The aspect ratio of a cluster is defined as the height of the cluster (h)
divided by its width (w). The height is the distance the cluster spans along the radial
direction, and the width is the distance that the cluster spans along the tangential
direction.
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Figure 6-15: The aspect ratio of a nominal test (6/24/99) plotted against the cluster
height. The chart below shows a histogram distribution of the aspect ratio.
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Figure 6-16: The aspect ratio of a nominal test (6/30/99) plotted against the cluster
height. The chart below shows a histogram distribution of the aspect ratio.
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indication that the observed convergence of the aspect ratio does not depend on what
point along the oscillation cycle the aspect ratio is measured.
Aspect Ratio and Pressure
To test how pressure affects the aspect ratio of clusters we devised a test where the
contact force of the seal was reduced to 75% of its nominal value. This created a
contact band 0.6mm in size. Figure 6-19 shows the aspect ratio for the test. The
average value of the aspect ratio starts at around 2.0 and decreases as the debris starts
penetrating the contact band. The figure also shows that if the contact pressure is
increased (restoring the size of the contact band to its nominal value), the aspect
ratio returns to between 2 and 2.5.
Aspect Ratio and Oscillation Amplitude
The aspect ratio does not seem to be a function of oscillation amplitude either. In
an experiment where the oscillation amplitude was set to 1/3 of nominal, the aspect
ratio remains between 2 and 2.5 (figure 6-20). We take this to be an indication that
oscillation amplitude does not affect aspect ratio.
Aspect Ratio and Lip Material
To see if the aspect ratio was affected by the use of a different lip material, we
measured the aspect ratio of clusters in a test with a seal lip made from Texin 360D
(the nominal material is Texin 445D - see table 3.1). Figure 6-21 shows resulting
aspect ratio. The median value for the test is between 2 and 3.
There are several complications in interpreting the results from this test. The first
is estimating the contact pressure under the seal lip. On average, the 360D material
is twice as stiff as the 445 polyurethane, but this does not result in a contact pressure
twice as great. The contact pressure under the seal lip depends on three things: (1)
the geometry and stiffness of the load ring, (2) the geometry and stiffness of the seal
lip, and (3) how far the seal assembly is compressed during the test.
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Figure 6-17: The aspect ratio of clusters sampled throughout the oscillation stroke.
This chart shows that the aspect ratio taken at the end of a stroke can be considered
representative of the whole cycle.
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Figure 6-18: The aspect ratio of clusters running in a seal compressed to only 75% of
the nominal value.
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Figure 6-19: These two charts show that the aspect ratio of clusters decreases after
debris penetrate the width of the contact band. The top chart shows the aspect ratio
of a test conducted at a contact force 75% of nominal (0.6mm contact band). When
clusters reach the edge of the contact band, their aspect ratio starts to decrease (they
become rounder). If the contact pressure is restored to 100% of nominal (lower plot),
the aspect ratio returns to between 2 and 2.5.
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Figure 6-20: The aspect ratio for a test running at an oscillation amplitude 1/3 or
nominal. The chart shows that despite the difference in oscillation amplitude, the
clusters have an aspect ratio between 2.0 and 2.5.
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Because the force from the load ring is transferred to the seal lip through the
stiffener ring (figure 2-1), the seal assembly can be thought of as two springs connected
in series. The overall stiffness of the assembly can thus be estimated as the harmonic
mean of the assembly components (i.e., 1/Kt = 1/K 1 + 1/K 2 + .).
Since the load ring contains more and softer material than the lip or the stiffener
ring1 , the assembly stiffness is dominated by the load ring. This means that a change
in the stiffness of the lip is not likely to produce a drastic change in the overall stiffness
of the assembly.
The higher stiffness of the material does change the area over which the seal lip
contacts the glass surface. For a nominal displacement, the contact band of the seal lip
made out of 360D urethane is only 62% as big as the 445D urethane lip (figure 6-22).
A lower bound on the increase in contact pressure can be obtained by assuming that
the force remains the same and that the load ring takes up most of the deformation
of the seal assembly. Given these two conditions, the estimated lower bound of the
average 2 contact pressure is 1.6 times greater than nominal. The actual value should
be slightly higher than this.
Summary of aspect ratio experiments
The clusters observed in the contact band during the cluster shearing process exhibit
an aspect ratio between 2 and 2.5. This aspect ratio seems to be independent of
factors such as oscillation amplitude, contact pressure, and seal lip material. The
aspect ratio decreases as clusters grow large enough to push debris into the contact
band. Because of this, the appearance of clusters with low aspect ratio may signal a
change in mechanism transporting debris into the contact band.
1According to the manufacturer's values, the load ring is 7.6 times softer than 445D polyurethane,
and 15.3 softer than 360D.
2The average face load is the total face load divided by the area of the contact band. Because of
the shape of the seal lip, the outer part of the contact band will exhibit a higher contact pressure
than the inner part. See figure 4-1 on 64
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Figure 6-21: The aspect ratio of clusters in a test using a seal made from a material
twice as stiff as the nominal one. The median aspect ratio for these clusters is between
2 and 3.
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Figure 6-22: The contact band of the 360D polyurethane seal lip is 62% smaller than
that for a 445D seal lip.
6.1.4 Debris Penetration Rate
Figure 3-1 shows the extent of debris ingestion into the seal lip as a function of
cycles. The chart shows that the rate of ingestion proceeds at a uniform rate from
the time clusters form, until they break through the contact band (at between 20 and
23%). This fact is surprising! It means that (a) the parameters that influence debris
ingestion are constant during the cluster shearing process, or (b) the cluster shearing
process is immune to changes in operational factors.
The first of the two possibilities is very unlikely. Pressure, for instance, is likely
to change as material is eroded from the seal lip. The eroded material makes the lip
smaller which in turn releases some of the compression in the load ring (thus lowering
the pressure). The eroded material also allows more the seal lip to contact the mating
surface. This too would lower the contact pressure since the compression force would
be distributed over a larger area.
To say that the rate of debris ingestion is independent of pressure at this point
would be premature. Consider the fact that the rate of ingestion for textured seals
is smaller even before the debris encounters the texture feature. The texture feature
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changes how pressure is distributed around the periphery of the seal. Smooth lips
have uniform pressure for any given radial position, even as the seal is eroded. The
contact pressure of the textured seal, however, varies along the perimeter of the seal
as well as in the radial direction. Thus, while the rate of ingestion seems to be
independent of pressure, it does seem to be influenced by how pressure is distributed
along the periphery of the seal.
To further study the influence or other operating parameters on the ingestion
rate, we tested seals at different operating parameters. Figure 6-23 is a plot of the
debris penetration rate for the seals listed in tables 3.2 and 3.3. The chart contains
the data for all the seals except for the textured seal designs and for the test with
varying oscillation amplitude. The results for test with varying oscillation amplitude
are shown in figure 6-24.
From looking at figure 6-23 we can see that, although data exhibits some variability
even for similar tests, the variation between different tests is surprisingly small. The
only tests that deviate from a value close to 4 x 10-4 are the second test at 120 cpm,
and the first and third test at 30 cpm. The discrepancy is most likely the result of
difficulties encountered during the test. In all three cases, the glass window became
hot to the touch, most likely from excessive friction between it and the seal. One
possibility is that the heat generated created a dry layer of clay around the periphery
of the seal, which in turn prevented fresh slurry from reaching the seal. We know
from our experience that unless the sealing interface is kept constantly flooded with
fresh slurry, clusters become sparse and may even disappear.
Of all the operational parameters that we tested, the only one that seemed to have
an influence on the rate of ingestion was oscillation amplitude (figure 6-24). Because
oscillation amplitude changes how far the seal travels during each cycle, this result
suggests that the penetration of debris is a function of the distance traveled by the
seal. When the ingestion rates are normalized against distance traveled (figure 6-24),
the variability in the rate of debris ingestion does indeed become small.
We can conclude then that the rate of ingestion primarily a function of the traveled
distance. Tests with the same travel distance (i.e., the oscillation amplitude) should
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Figure 6-23: The rate of debris penetration for seals listed in Tables 3.3
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Figure 6-24: The debris penetration rate for tests of varying oscillation amplitude.
The x-axis of the top chart is travel distance (d) normalized against the nominal
travel distance (dh). The y-axis is the rate of debris penetration in mm per cycle.
The lower chart shows the extent of debris penetration per mm of travel distance.
When normalized by the traveled distance, the rate of penetration becomes nearly
constant for all four cases.
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Figure 6-25: The image analysis program uses information about the edge of the seal
lip to divide it into radially-aligned bins. The intensity of each pixel is added for
each bin and thus the position of the clusters can be tracked as a function of distance
along the seal perimeter.
exhibit the same rate of ingestion independent of all other factors.
6.1.5 Cluster Spacing
This section deals with the how these cluster distribute themselves along the perimeter
of the seal. In particular, we look at how the cluster spacing changes in the short as
well as long time scales.
All cluster spacing measurements were taken using a low magnification lens. Fig-
ure 6-3 shows pictures of clusters as used in these test. The image covers 48 degrees
of arc, or 13% of the seal perimeter.
Unlike the measurements of debris penetration where the position of clusters had
to be tracked manually, the spacing analysis is fully automated with scripts.
In the first step, the perimeter of the seal is divided into bins of equal tangential
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Figure 6-26: The cluster position and spacing sampled at 1/30 of a second for four
seconds. The dark streaks in the lower chart indicate the preferential spacing intervals.
See also figures 6-27 and 6-28
126
Im
,,
3.5
3
0 S25C
o
E 1.5
1
0.5
n
5 10 15 20 25 30
cluster position [mm]
3
0o
0
E 1
0
0 5 10 15 20
cluster spacing [mm]
Figure 6-27: The cluster position and spacing sampled at 1/30 of a second for four
seconds. The dark streaks in the lower chart indicate the preferential spacing intervals.
See also figures 6-26 and 6-28
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Figure 6-28: The cluster position and spacing sampled at 1/30 of a second for four
seconds. The dark streaks in the lower chart indicate the preferential spacing intervals.
See also figures 6-26 and 6-27
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Figure 6-29: This figure shows the position and spacing of clusters over a 3 minute
period. The chart shows that clusters can exhibit a slow drift velocity, and that their
movement changes the regularity in spacing as time goes on.
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distance. For the data shown here, the perimeter of the seal was divided into 170
segments, each 0.2 mm in size. The script then summed up the intensity of all pixels
in each corresponding bin. The result was then auto-correlated to extract the cluster
spacing (figure 6-25). The tracking and correlation process was repeated for image
sequences taken at different time intervals. The result is a plot of cluster position and
spacing as a function of time. Because the cluster spacing is derived from an auto
correlation, the plot for cluster spacing always has a strong peak along the y-axis (a
clusters spacing of zero).
We examined four cases. The first three were a series of 120 images taken over
4 seconds, 1/30 of a second apart (4 cycles). The second case was 185 images taken
over three minutes, two seconds apart (376 cycles).
Figures 6-26, 6-27, 6-28 show the position of and spacing of the cluster samples
taken 1/30 of a second apart. Each of the samples display a characteristic spacing,
but the spacing is different from sample to sample. This lack of regularity among the
three samples means that there is no long-term preferential spacing among clusters.
Figure 6-29 shows the position and spacing for cluster samples taken 2 seconds
apart. The samples were synchronized with the seal movement so that from sample
to sample the background remained stationary, and therefore the plot of the cluster
position shows the relative position of clusters over time. The image shows clusters
being creating and combining to form larger ones. The correlation for this test shows
that periods of regular cluster spacing exist, but that they drift to different values,
or they disappear completely. For example, a streak at 4 mm lasts for almost one
minute (from 0.5 to 1.5 minutes).
6.2 Mechanisms of Cluster Shearing
In this section, we consider the mechanisms involved in the cluster shearing process.
In particular, we are interested in discovering the rate-limiting mechanisms controlling
how quickly debris are pushed into the contact band. Knowledge of this mechanism
can provide insight for designers interested in producing longer lasting seals. We start
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by postulating four possible mechanisms, and then analyzing the evidence supporting
or refuting each of these in turn.
The first possibility is that radially decreasing contact pressure pulls clusters to-
wards the oil side. The second is that particles from the slurry continue to be trapped
by clusters, and that this continued aggregation causes the clusters to grow in size,
which in turn pushes them further into the contact band. The third possibility is that
the radial displacement produced by the eccentricity of the seal runs over debris and
thus pushes them under the seal. The last possibility is that the clusters are granular
in nature, and when sheared, the dilation forces debris under the seal lip.
For the sake of convenience, we will refer to each of these possibilities as favorable
pressure, continued aggregation, eccentricity, and shear-induced dilation. We now
consider each in turn.
6.2.1 Favorable Pressure
To explore the idea of how pressure can drive debris into the contact band, we start
by discussing the pressure distribution under the seal lip. Then we see how clusters
interact with the seal, at a range of scales. And finally, we look at some test designed
to test this theory.
The shape of the seal lip is designed to produce a gradually decreasing pressure
towards the inner diameter of the seal (figure 4-1 on page 64). In spite of this design,
The contact pressure increases, then reaches a maximum, and finally starts decreasing.
This is necessarily so because the contact pressure has to be zero at both points where
the seal is not in contact with the glass surface.
Figure 4-3 (on page 66) shows the contact stress as computed by a finite-element
simulation. The simulation clearly captures the gradual tapering down of the contact
stress towards the oil side. But except for the 1.2 mm contact band, It does not
have enough resolution to capture the occurrence of a maximum close to the outside
diameter of the seal. For the 1.2 mm contact band, the maximum occurs about 100
um from the edge. It would be possible, albeit tedious, to conduct a more precise
simulation. But for now, all we need to know is that there is a point along the contact
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band where the contact pressure reaches a maximum.
A more direct way of observing the pressure distribution in the seal is through
measurements of oil-film thickness. Figure 4-4 (on page 67) shows that the point
of lowest oil-film thickness (and presumably the point of greatest contact pressure)
occurs 60 um from the seal edge for a 1mm contact band.
If the favorable pressure theory is correct, then clusters must form ahead of the
point of maximum contact pressure, for it is only then that they would experience a
favorable pressure that would draw them further into the contact band. We now turn
our attention to the clusters shown in figure 6-1 (page 96). First, we note that in the
top image the cloud of debris has only penetrated a distance of 50 um from the edge
of the seal lip. This would seem to indicate that debris stay behind and not ahead of
the point of greatest contact pressure, thus refuting the favorable pressure theory.
Next we observe that as the test progresses, clusters span the whole contact band.
If the favorable pressure theory is correct, then the part of the cluster between the
outside edge and the point of greatest contact pressure should be pushed out of the
contact band. The remainder should be pulled inside. To test this, we devised a test
under nominal conditions where we allowed clusters to form, and then we stopped
adding slurry. Figure 6-30 shows that after the addition of slurry stopped, the clusters
got progressively smaller, and then completely disappeared. This either means that
the clusters do not experience a favorable pressure distribution, or that there is a
competing mechanism that drives debris out of the contact band faster than the
pressure can push it in. The first possibility refutes the existence of a favorable
pressure along the contact band. The second case implies that a mechanism other
than favorable pressure limits the rate at which debris is transported in the contact
band. Either way, the favorable pressure theory fails to explain why the rate of
penetration is nearly constant for a variety of operational parameters, most of all,
pressure. One would expect that if pressure controlled the rate of ingestion, that
reducing the pressure gradient should lower the rate of ingestion. It can be seen from
figure 6-23 that this does not seem to be the case.
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Figure 6-30: These images show what happens to clusters when the addition of slurry
stops. The clay in these images was dyed as described in section 4.4. The top image
shows clusters at the time when the addition of slurry stopped. Within 80 cycles of
this, most of the clusters have disappeared.
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6.2.2 Continued Aggregation
The continued aggregation theory states that what drives debris into the contact gap
is the continued addition of particles from the slurry to the clusters. The mechanism
implies that there is an influx of debris into the contact band from the slurry side,
and that the clusters trap the debris are they roll over them.
Continued aggregation successfully predicts the increase in cluster size as debris
penetrate the contact band. Certainly, clusters could not grow bigger unless they
continually added to their size by rolling over smaller clusters or freshly ingested
particles. But the continued aggregation theory has several weaknesses. The primary
one is that it incorrectly predicts the shape of clusters.
If the cluster were pushed into the contact band by continued aggregation, one
would expect that the largest part of the cluster would be the area closest the largest
concentration of debris. From section 6.1.2 we know that all parts of a cluster displace
at nearly the same speed. (In fact, the circular shape of the seal imparts a greater
velocity to the part of the cluster near to the edge than to the part further in.) The
particle capture rate of the cluster depends therefore on the density of particles ahead
of the rolling cluster only. Assuming that the influx of particles (J) is uniform along
the edge of the seal, then the particle concentration ahead of the cluster would be
greatest near the edge of the seal (figure 6-31).
One possible way to account for the discrepancy is to postulate the existence of an
additional mechanism. This mechanism would have to transport debris from the edge
of the seal lip (where concentration is highest), towards the inside of the seal (where
it is lower). This, however, belies the continued aggregation theory. The postulated
mechanism, and not continued aggregation, would be the one controlling the rate of
particle penetration.
6.2.3 Eccentricity
In section 4.1.3 we showed how seals can exhibit radial motion due to the misalignment
between the seal and it is mount. To investigate the effect of eccentricity on the rate
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Figure 6-31: This figure illustrates the effect that continued aggregation theory would
have on cluster shape. Since the point of highest debris concentration would be at the
edge of the seal (f = 0), clusters would have their greatest cross section at the edge
of the seal. The image depicts the left cluster sweeping ahead of the middle cluster
as the seal moves at speed U. The particle concentration ahead of the middle cluster
(p) is represented by the triangle of increasing brightness. The brightness represents
increasing particle concentration. The arrows along the top represent the particle
influx (J).
of particle penetration, we ran several tests at various values of eccentricity. The
technique and results of these test are documented by Chang (1998) [6]. Note that
by eccentricity we mean the distance from the center of rotation to the center of the
seal. The actual amount of radial displacement experienced by each part of the seal
depends on its position with respect to the seal mount.
Figure 6-32 shows that as predicted by eccentricity theory, the rate of ingestion
increases as the eccentricity of the seal increases. There are two problems with ec-
centricity theory. The first is that we have shown experimentally that the rate of
debris ingestion is finite even for very small values of eccentricity. If eccentricity was
the rate-limiting process, then eliminating it, should eliminate the penetration of de-
bris. The fact that particles penetrate the seal at nearly the same rate for values of
eccentricity lower than 100 um seems to refute this theory.
Overall, the tests at eccentricity values greater than 1000 um showed a different
particle penetration process than experiments with eccentricity values below 100 um.
Images from these tests show that the added eccentricity breaks down the lubrication
layer and causes the seal to roughen due to the increased friction. The increased
roughness allows debris to fall freely towards the inside of the seal thus increasing the
particle penetration rate (figure 6-33).
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The second problem with eccentricity theory is that it predicts that sliding debris
should be pushed into the contact band at a rate faster than rolling debris. From our
studies with fluorescent clay, we can see that the opposite is the case. In most cases
the clusters, and not loose debris, push debris into the contact band (figure 6-34).
A third problem with eccentricity theory is that it fails to account for why the onset
of rapid particle penetration coincides with the appearance of clusters. If eccentricity
is what drives particles into the contact band, then it should not care if the debris
are grouped into clusters or remain loose. Eccentricity alone should be able to drive
debris into the contact band as we have shown in Chapter 4.
In conclusion, though eccentricity does seem to play a role in bringing debris into
the contact band initially, it does not seem to be the dominant mechanism for particle
penetration. If the eccentricity reaches values exceeding 1000 um, then the particle
transport seem to change.
6.2.4 Shear-Induced Dilation
Our search for the mechanism that pushes debris into the contact band has met with
many dead ends. It would be pointless to continue listing possible mechanisms, which
at first glance seem to be relevant, but that after closer examination fail to explain
the observed behavior. We turn then, to the one mechanism that best explains how
debris penetrate the contact band.
There have been two major clues guiding us in the search for this mechanism.
The first is the simultaneous appearance of clusters and the start of a period of rapid
particle penetration. In Chapter 4 we showed that debris penetrate the contact band
even before clusters form. But the rate at which debris is ingested is far greater after
the first clusters appear, than before. Thus, the appearance of clusters seems to signal
a change in the mechanism that drives debris into the contact band. This mechanism
seems to require the presence of the clusters.
The second clue is that rolling seems to be linked to the mechanism of debris
penetration. If a piece of debris is placed in the contact band at the beginning of
a test, the debris will merely slide with the seal rather than advance further into
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Figure 6-33: The tests run at eccentricity values exceeding
debris penetrate the seal because the lubrication layer ahead
break down. This sequence shows how the seal roughens (left)
penetrating the contact band (right).
1000 um showed that
of the debris seems to
before the debris start
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Figure 6-34: Eccentricity theory predicts that sliding debris should penetrate faster
than rolling debris, but this sequence shows how clusters (which roll), and not loose
debris (that slide), push further into the contact band.
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the contact band (figure 6-35). Rolling, then, seems to be an essential component
of the mechanism that drives particles into the contact band. We should expect the
mechanism we uncover to convert the rolling motion of the cluster into a force that
drives debris into the contact band.
Our answer to this is shear-induced dilation. This section deals with shear-induced
dilation, starting with a background on the nature of granular materials and dilation.
Next, we show how shear-induced dilation explains the observed behavior of the
cluster. And lastly, we take a critical look at the applicability of the theory to our
situation.
Granular Flows
Dilation as a concept by itself, has been around since the time of Reynolds and
probably earlier [10], [17]. The term dilation refers to the orthogonal displacement
that granular materials exhibit when they are sheared. The prototypical image used
to illustrate this consists of a plane of circles where the top layer is being sheared
(figure 6-36). To achieve a displacement in the x-direction, each circle must first
move up and then over the particle just below it. This creates a displacement in the
y-direction.
But while this figure is illustrative of the dilation process, it does not tell the whole
story. Particles being sheared along the x-direction, can create movement in both the
y-direction and the z-direction (figure 6-37). How much movement they create in
either direction depends on the stress-state at each contact point. Particles displace
primarily in the direction of least resistance, and since most granular materials are
packed randomly, the stress state and varies in the two directions.
Shear-induced dilation theory predicts that shearing pushes particles in three di-
rections (1) against the seal (the y-direction), (2) to the outside (the +z-direction),
and (3) under the seal lip (the -z-direction). Cluster shearing can thus create a
transport in the radial direction as well as against the seal lip (figure 6-40). The first
carries debris out of the contact band as well as push them under the lip. The second
one lifts the seal away from the glass surface.
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Cluster Movement
In section 6.1.2 we discussed how clusters can exhibit a combination of rolling and
sliding behavior. This can be explained by introducing a concept related to dilation
called critical shear. The concept of critical shear3 denotes the value that must be
exceeded for a granular material to begin deforming. If the shear is lower than this
critical value, then layers of material simply transfer the shearing force down to the
lower layers. If the shear is high enough, the layers of material are able to roll over
each other. The value of the critical shear depends on the local stress-state of the
material.
An interesting property of granular materials is that the fewer the layers of parti-
cles, the harder it is to shear them [22]. As the number of layers increase, the shear
force can be spread over more particles and the material shears more easily.
Since clusters are thicker 4 at their center, and taper down at the end, the centers
roll more easily than do the ends (figure 6-13 on page 111).
Debris Penetration Rate
The greatest strength of shear-induced dilation theory is that it explains why the rate
of debris penetration is independent of factors such as shear rate, contact pressure,
and material composition. The way to see this is to understand how dilation pushes
debris into the contact band.
We showed earlier that as long as the cluster rolls, particles are pushed perpen-
dicular to the shearing direction. This dilation pushes particles against and under
the seal. But because the dilation of the cluster is independent of pressure and shear
rate, the rate at which debris are pushed under the seal lip is also independent of
pressure and shear rate. One way of understanding why sp, is to compare the motion
of a cluster to the motion of a polygonal wheel being sheared between two planes.
3 Depending on the field, the concept of critical shear is associated with flow rules, break-away
shear, and Bingham fluids/solids.
4Here, as in section 6.1.3, we define the thickness of a cluster as its dimension between the glass
and the seal lip.
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As the polygonal wheel rotates, the planes have to separate to make space for the
vertices. This separation is independent of the pressure and shear rate. The volume
displaced by the hexagonal wheel as it rotates is also independent of pressure and
shear rate, and only a function of the distance traveled by the wheel.
In the same manner, the dilation of the cluster acts as a hexagonal wheel and is
independent of pressure and shear rate, and only a function of the distance traveled
by the cluster.
Aspect Ratio
In section 6.1.3 we showed that the aspect ratio of the cluster remains between 2 and
2.5 until the debris break through to the oil side. At that point, the cluster ratio
steadily decreases towards 1.
To explain this, we notice that clusters that have not broken through the contact
band have a force opposing their radial movement (figure 6-38). This alters the
local stress-state of the clusters making it equally difficult for the cluster to dilate
radially inward (towards the oil side) as it does upward (between the glass and the
seal). When the cluster finally breaks through, debris can easily move in either of the
radial directions. The upward direction, however, remains as constrained as before.
This imbalance causes clusters that have broken through the contact band to dilate
preferentially in the radial direction.
In other words, the difference between a cluster that has broken through the
contact band and one that has not is the presence of a strong back pressure on the
inner side of the seal. Because dilation (and hence transport) occur in the direction
of lowest resistance, this back pressure constrains the dilation that can occur radially
inward to the same that occurs upwards. The cluster thus dilates equally in the
radially inward direction as the upward direction, forcing debris to lift the seal away
from the glass.
We are now left to demonstrate how the force produced by the upward dilation
constrains the aspect ratio of the clusters. This may be happening in two ways. The
first is that the upward thrust that lifts the seal may be pulling in the sides of the seal
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and thus pushing the sides of the cluster towards each other. The second way is that
particles from the sides may be moving in to fill the space left by particles that are
being transported upward. Either of these two mechanisms is present so long as the
cluster has not broken through the contact band of the seal. Once this happens, these
two mechanisms are neutralized and can thus allow the aspect ratio of the clusters to
become lower.
Clusters as Granular Media
The strongest evidence that clusters are granular in nature is the behavior that they
exhibit. Attempting to independently confirm this may seem like an easy task, but
in practicality it proves quite difficult.
The first difficulty is that neither optical or electron microscopes are adept at
examining the interior of clusters. The optical microscope cannot resolve particles
below 0.5 um, (which likely composed the cluster), and electron microscopes cannot
penetrate the layer of oil that coats clusters. But even if we could find an instrument
that could penetrate the layer of oil with sufficient magnification, it is likely that we
could not observe individual particles. This is because the short-range forces that
hold particles together would make particles seem like they are fused together. This
is exactly what happens when the clusters are viewed in the electron microscope after
being washed with a solvent (figure 6-39).
The second difficulty is that most treatments of granular media specify particles
sizes from 10-1 down to 10- 4 meters [10], [11]. In our case, the particles that make
up the clusters are likely no bigger than 2 x 10-6 meters (see section 4.2). Even if
we could show that clusters are made of discrete particles, those particles would be
smaller than any previously documented to exhibit granular behavior.
There is nothing in the physics of granular media that prevents particles as small
as the ones likely present in the cluster from exhibiting granular behavior. The only
condition for this to occur is that the short range forces that hold particles together
should be weak enough to allow particles to slide over each other, but strong enough
to maintain the cohesiveness of the cluster.
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Figure 6-35: When a piece of debris is placed in the contact band at the start of a
test, the debris does not advance further into the contact band. It merely sticks to
the seal and slides against the glass. Only rolling debris seem to push into the contact
band.
In summary, although the granular nature of the clusters cannot be confirmed
through direct observation, the behavior they exhibit strongly mimics the behavior of
granular media. The likely size of particles involved in this behavior is smaller than
any previously documented, but this is not problematic as long as the short-range
forces that hold the clusters together allow particles to slide (or roll) past each other.
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Figure 6-36: In order for a granular material to be sheared, the shearing surface must
displace in a direction normal to the shearing direction before the particles can slide
past each other.
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Figure 6-37: Particles being sheared can get past each other by either rolling over the
top (a-b), or moving the lower particles to the side (a-c).
Figure 6-38: The difference between clusters that have not broken through the contact
band (left) and those that have (right) is that presence of a strong back pressure on
the inner side of the seal. This pressure opposes the penetration of debris into the
cluster.
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Figure 6-39: The surface of the cluster shows no discernable particles when viewed in
the electron microscope. The short range forces that keep the cluster together, and
likely to adhere the particles so that no individual particles are visible.
Figure 6-40: The dilation pushes debris upward, as well as sideways. The upwards
motion lifts the seal from the glass, while the sideways motion pushes debris under
the seal lip and out of the contact band.
146
///////////
/////////
6.3 Summary
In this section, we have discussed five aspects related to the cluster shearing process.
The first part focused on the chemical composition of the cluster. We showed that
the clusters are made mostly of clay, but also contain small quantities of sand and
oil.
Next, we discussed how clusters move when they are sheared in the contact band.
We showed that most clusters seem to roll between the seal and the glass surface,
and that clusters displace by the same fraction of the seal stroke regardless of size.
There are times, however, when clusters exhibit sliding behavior rather than rolling.
This can cause clusters to move faster than clusters displacing solely by rolling.
Next, we studied the aspect ratio of the clusters. We showed that the aspect
ratio (h/w) during seems to be always between 2 and 3, and seems to be independent
of several factors, including contact pressure, and oscillation amplitude. Only when
clusters break through the contact band does the aspect ratio start to decrease.
Next, we discussed the rate of debris penetration and showed that the extent
of debris penetration is strongly dependent on the distance traveled, and seemingly
unaffected by such factors as contact pressure, shear rate, and lip material.
Finally, we showed that clusters exhibit regular spacing, but that the interval
in which this occurs is short. Plots of cluster spacing over a four-cycle period show
regular spacing, but the spacing among these plots is different. Spacing measurements
taken over three minutes show that cluster position as well as the cluster spacing
are constantly evolving, with new spacings appearing and disappearing as the seal
operates.
Of the possible mechanism that could explain how clusters push into the seal, only
shear-induced dilation seems to account for all observed behavior. The implication
of shear-induced dilation is that the clusters behave as granular media.
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Chapter 7
Conclusions
This work presents the results of a study of seal failure. In particular, we have studied
how an elastomeric face seals fails when operating in contact with soil debris. We
discovered that the failure of these seals proceeds in stages, and that each stage has
a rate-limiting mechanism.
Experimental Setup
To study seal failure, we constructed an experimental setup where the operational
conditions of a seal used in the undercarriage of a bulldozer could be replicated. The
setup allows the edge of the seal lip to be observed as the seal is operated.
The experimental setup is flexible enough to allow a variety of tests to be con-
ducted. But despite this flexibility, most of our experiments fall into one of three
categories. The first involves recording periodic images of the lip as the seal is sur-
rounded with a slurry. This basic test shows that the seal ingests particles that
continuously damage the seal until it leaks.
The second class of experiments involves measuring the oil-film thickness under
the sea lip as it operates. For this, we adapted a technique called laser-induced
fluorescence. The technique involves dissolving a dye in the oil and using a laser and
a low pass filter to isolate the light emitted by the dye. Since the brightness observed
is proportional to the concentration of oil, the oil-film thickness can be measured by
quantifying the fluorescence of the dye. The third kind of experiment involved using
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a dye to stain clay particles. Using the same setup as the one for measuring oil-film
thickness, the ingestion of particles could be observed.
Our work shows that the ingestion of soil debris proceeds in four stages, which
we have named particle ingestion, particle aggregation, cluster shearing, and material
erosion.
Particle Ingestion
In the first stage, particles enter the contact band but do not damage it. To un-
derstand how this happens, we first studied the geometry and movement of the seal
edge. Experiments designed to measure the oil-film thickness show that there are
voids along the edge of the seal lip. These voids are sufficiently large to provide an
average oil-film of 0.1 um even if the seal is kept stationary overnight. This suggests
that particles can enter the seal without damaging it if they are enough to fit through
the surface voids in the seal.
Although particles of this size are too small to be observed directly, the light they
scatter can be used to track their presence. Experiments designed to take advantage
of this (the so called Tyndall effect), show that particles accumulate but the seal
exhibits no visible signs of damage (wear).
To determine the nature of the particles entering into the seal lip, we used slurries
with different soil types. Soil particles are generally classified by their size, with
particles larger than 60 um being referred to as sand, and particles smaller than 2
um being referred to as clay. Particles of intermediate size are referred to as silt.
Sand and clay have distinct physiochemical properties, whereas silt particles exhibit
properties halfway between those of sand and clay.
Seals that operate in slurries of clay show the same failure process of seal tested
in sand and clay. Seal tested in slurries of sand alone, however, operate without
ingesting debris practically indefintely. This suggests that clay particles are small
enough to be ingested by the seal, but sand particles are not.
To discern the different mechanisms driving clay particles into the contact band,
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we used the same setup used for measuring oil-film thickness, but instead of dying
the oil, we dyed the clay particles. Using this arrangement, we demonstrated that
two mechanisms that drive particles into the contact band. The first occurs when
the edge of the seal lip displaces over the debris accumulates in the periphery of the
seal. The second involves a difference in the concentration of debris across the sealing
interface. Once the particles have entered the contact band, the particles accumulate
in the surface voids of the seal.
Particle Aggregation
As more particles are driven into the contact band, the shearing motion of the seal
squeezes clay particles against each other. The clay particles have a net negative
charge, which draws a swarm of positive ions in to their vicinity. The ion swarm
creates a repulsive force between particles, but as the clay particles are pushed against
each other, the ion swarms combine. The combined ion swarm holds particles together
causing them to aggregate.
To see if we could interfere with the particle aggregation process, we added a
chemical dispersant to the oil. With the dispersant, seals are tested in a mixture of
dry sand and clay do not wear. Without the dispersant, however, the edge of the seal
lip becomes damage and the seal fails.
Cluster Shearing
When the clusters grow larger than the surface roughness of the seal lip, they start
shearing between the seal and the glass surface. The rate of debris ingestion accel-
erates, and remains nearly constant until the debris clusters reach the oil side of the
seal. Analysis of the x-ray spectrum of the clusters reveals that they are composed
primarily of clay particles.
Clusters exhibit the same features and behavior from the time they start shearing
until they break into the oil side. For this work, we focused on four aspects of clusters
behavior: cluster movement, shape and aspect ratio, the rate of penetration into the
contact band, and cluster spacing.
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Our study of cluster movement showed that clusters displace mostly by rolling.
Clusters travel the same distance as the shear between the seal and the glass regardless
of size. The travel distance of the clusters is nearly half of the seal displacement,
which is another indication that the clusters roll between the two surfaces. On some
occasions, clusters exhibit pure sliding which causes them to stick on the seal surface.
Clusters have a shape resembling something between a crescent and a teardrop.
The shape of clusters remains nearly constant during the whole cluster shearing pro-
cess. The long axis of the clusters always aligns in the radial direction of the seal. To
quantify the shape and alignment, we took measurements of the aspect ratio of the
cluster. The data show substantial scatter, but the majority of the clusters exhibit an
aspect ratio (h/w) of between 2 and 2.5. The aspect ratio appears to be independent
of all operational factors. Even when the seal lip is changed to a harder material,
the aspect ratio remains between 2.0 and 3.0. The only time that the aspect ratio
changes is when the clusters break into the oil-side of the seal. The aspect ratio then
steadily decreases towards 1.0.
Next, we looked at the rate at which clusters push debris into the contact band.
We showed that the extent of ingestion depends primarily on the cumulative distance
traveled by the seal and is independent of other factors, such as rate of oscillation,
contact pressure and hardness of the lip material.
To explain the four given observed behaviors, we devised and tested four different
theories: favorable pressure gradient, continued aggregation, eccentricity, and shear-
induced dilation. Of the four theories, shear-induced dilation was the only one that
successfully predicted all the observed behaviors. At the core of this theory is the
assumption that the clusters are made up of granular media. This assumption is
problematic because the granular designation is usually reserved for materials with
particle sizes greater than 10 um. Since the particles that make up the cluster are
likely to be no bigger than 2 um, designating them as granular material would be
unprecedented.
Dilation is a well-known property of granular materials, but its depiction thus far
has been limited to one direction. Dilation, however, occurs along all three dimen-
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sions. When a granular material is sheared (say long the x-axis), material is moved in
the direction in the plane perpendicular to the shearing direction that offers the least
resistance. Clusters being sheared can thusly push the seal away from the glass as
well as push debris further into the contact band. Because the displacement distance
is independent of shear rate, contact pressure, and seal material, the rate at which
debris are pushed under the lip is also independent of these factors.
Summary
The major contribution of this work has been to identify the three stages preceding
seal failure by material erosion. This knowledge has important consequences because
it provides ideas of what new designs to try, and it provides a way for seal designers
to objectively evaluate new seal designs. And while this research has immediately
applicability to the area of seal design, its impact may extend to other aspects of
machine failure.
Future Work
While this project has provided the general framework for the failure process, there
are three important things for other people to explore in future projects.
The first project is to work out the chemistry of particle agglomeration in detail.
This is project would be perfectly suited for a person with a strong background in
chemistry and colloidal suspensions. The major difficulties of the project would be
to work out how the attraction between particles develops and how to stop it.
The second project is to investigate failure mechanisms other than those involving
the ingestion of soil debris. These include the breakdown of the lubrication layer due
to excessive friction, and excessive leakage. New failure mechanisms are likely to arise
as longer lasting seals are field tested. This is because the longer lasting seals are
likely to expose failure mechanisms previously not seen.
Finally, the third class of problems is finding good ways to interfere with the rate-
limiting mechanisms that we have identified thus far. Our work has shown some way
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to do this, but there is probably more than one way to accomplish the same thing.
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Appendix A
Symbols, and Formulas
A The oscillation amplitude of the seal in radians.
Typical value: A = r/6
d Diameter of a particle in the slurry
(< 2 um for clay, and between 70 and 500 um for sand).
E Modulus of the seal lip material (3.45 MPa).
E, Modulus of the load ring material (0.45 MPa).
P Average seal contact pressure (4.4 MPa for a 1.1 mm contact band).
r The radial position from the center of the seal
? The radial position from the edge of the seal increasing towards the center
=R-r
R Seal radius.
For a D10O size track seal R = 42.25mm (figure 2-1 on page 34).
Ra,b Average surface roughness of the steel bushing
(0.1 um).
Ra,g Average surface roughness of the glass (5 nm).
Ra,s Average surface roughness of the seal
(between 0.4 and 0.8 um).
f(r) Average oil film thickness (< 0.8 um).
U Seal shear velocity.
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Aw
U = r sinwrwt
U Seal mean velocity. U = rA w
Typically U = 22 mm/s.
Umax The seal peak shear velocity.
Umax = r Ar w
Typically Umax = 70 mm/s.
Average shear rate:
U
t
P Viscosity of SAE 80W90 gear oil
p = 0.32 Pa - s (at STP)
/Ps The friction coefficient for the lubricated seal rotating against a steel bushing.
at 500 lbs face load (2,200 N), ps = 0.06
at 150 lbs face load (670 N), p = 0.08
Ptdry The friction coefficient for the seal rotating against the bushing in dry conditions
(i.e., without lubrication)
at 500 lbs face load (2,200 N), pdry = 0.4
at 150 lbs face load (670 N), pdry = 0.4
Surface tension of oil
a = 38 x 10-3N/m.
Volume fraction of solid in the cluster.
w Oscillation frequency in strokes per second.
Typical value: 1 stroke/second.
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THE END
